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Abstract
Recrystallization texture developments and their importance in relation to
mechanical properties of commercially pure titanium (cp-titanium), pure magnesium and
pure zinc have respectively been investigated in the present study.
CP-titanium plates were subjected to unidirectional-rolling (rolling), accumulative
roll bonding (ARB) and cross-rolling followed by annealing at 600oC for a large range of
soaking time starting from 10 s to 30 min. The samples were seen to develop almost
similar texture when annealing was carried out beyond 5 min of annealing time. The initial
(1125) 1100  texture present in the deformed structure got strengthened during
annealing of the samples under investigation. Further,[1125] fibre texture was observed in
the samples at higher annealing times (> 10 min). It was further observed that the hardness
of the grains close to basal orientation was higher compared to non-basal orientations and
the estimated bulk mechanical properties of cp-titanium had a direct relationship with the
volume fraction of basal grains/orientations.
Pure magnesium was subjected to cold (cross-) rolling and hot rolling of 90 %
reduction in thickness. Cold rolled samples were then subjected to annealing at 200°C for
a range of soaking times staring from 10 s to 30 min. A dominant basal texture was
observed in the samples. It was also observed that pure magnesium had lower grain size,
grain orientation spread, grain average misorientation and volume fraction of basal
orientations when cold (cross-) rolled and annealed, compared to the hot rolled condition.
It was further observed that an increase in deviation from basal orientation decreased the
hardness of an orientation and magnesium with higher volume fraction of basal
orientations had higher hardness.
As-cast pure zinc was subjected to cryo-rolling of 90% reduction in thickness. The
rolled samples were then annealed at 50oC for different soaking times of 5 min, 10 min, 20
min and 30 min respectively. A dominant 1120  fiber texture was observed in both
rolled and annealed samples. Also {1012} type compressive twins were observed in the
samples and these twinning was found to be significant in all the samples. The Vickers
hardness of the samples was increased till 10 min of annealing time followed by decreased
in hardness on further increasing the annealing time.
[ix]
Contents
Certificate of Examination ii
Supervisor’s Certificate iii
Dedication iv
Declaration of Originality v
Acknowledgement vi
Abstract viii
List of Figures xii
List of Tables xxv
Chapter 1 1
Introduction 1
1.1 Objectives 2
1.2 Framework of the Thesis 3
References 4
Chapter 2 6
Literature Review 6
2.1 A brief Introduction to Hexagonal Materials 6
2.1.1 Titanium (Ti) 6
2.1.1.1 Metallurgy of Titanium and its Alloys 6
2.1.1.2 Classification of Titanium Alloys 9
2.1.1.3 Properties and Applications of Titanium Alloys 12
2.1.2 Magnesium (Mg) 13
2.1.3 Zinc (Zn) 16
2.2 Introduction to Recrystallization Texture 18
2.2.1 Theories of Recrystallization Texture 27
2.2.1.1 Theory of Oriented Nucleation (ON) 28
2.2.1.2 Theory of Orientated Growth (OG) 29
2.3 Recrystallization Texture Developments in HCP Metals 30
[x]
2.3.1 Recrystallization Texture of Titanium 30
2.3.2 Recrystallization Texture of Zirconium 33
2.3.3 Recrystallization Texture of Magnesium 37
2.3.4 Recrystallization Texture of Zinc 45
2.4 Orientation Dependant Mechanical Properties of HCP Metals 47
References 59
Chapter 3 71
Experimental Details 71
3.1 Commercially Pure Titanium 71
3.1.1 Material and Sample Preparation 71
3.1.2 Characterization Techniques 72
3.2 Pure Magnesium 74
3.2.1 Material and Sample Preparation 74
3.2.2 Characterization Techniques 74
3.3 Pure Zinc 75
3.3.1 Material and Sample Preparation 75
3.3.2 Characterization Techniques 76
References 77
Chapter 4 79
Recrystallization Texture in Commercially Pure Titanium 79
4.1 Introduction Error! Bookmark not defined.
4.2 Results Error! Bookmark not defined.
4.3 Discussions Error! Bookmark not defined.
4.4 Conclusions Error! Bookmark not defined.
References 100
Chapter 5 101
Recrystallization Texture in Pure Magnesium 101
5.1 Introduction 101
5.2 Results 102
5.3 Discussions Error! Bookmark not defined.
5.4 Conclusions Error! Bookmark not defined.
[xi]
References Error! Bookmark not defined.
Chapter 6 81
Recrystallization Texture in Pure Zinc 81
6.1 Introduction Error! Bookmark not defined.
6.2 Results Error! Bookmark not defined.
6.3 Discussions Error! Bookmark not defined.
6.5 Conclusions Error! Bookmark not defined.
References Error! Bookmark not defined.
Chapter 7 82
Orientation Dependent Mechanical Properties of Commercially Pure Titanium and
Pure Magnesium 82
7.1 Commercially Pure Titanium Error! Bookmark not defined.
7.1.1 Introduction Error! Bookmark not defined.
7.2.2 Results Error! Bookmark not defined.
7.2.3 Discussions Error! Bookmark not defined.
7.2.4 Conclusions Error! Bookmark not defined.
7.2 Pure Magnesium Error! Bookmark not defined.
7.2.1 Introduction Error! Bookmark not defined.
7.2.2 Results Error! Bookmark not defined.
5.2.3 Discussions Error! Bookmark not defined.
7.2.4 Conclusions Error! Bookmark not defined.
References Error! Bookmark not defined.
Chapter 8 83
Summary 83
8.1 Recrystallization Texture in CP-Titanium 83
8.2 Recrystallization Texture in Pure Magnesium 83
8.3 Recrystallization Texture in Pure Zinc 84
8.4 Orientation Dependent Mechanical Properties of CP-Titanium and Pure
Magnesium 84
Scope for Further Research 85
Dissemination 86
[xii]
List of Figures
Figure 2.1: HCP unit cell of α phase and BCC β phase of titanium. 7
Figure 2.2: Schematic presentation of slip systems of hcp titanium. 8
Figure 2.3: Schematic presentation of twin systems in hcp titanium. 9
Figure 2.4: Microstructure of cold rolled and annealed high-purity unalloyed
titanium sheet.
9
Figure 2.5: Typical microstructure of Ti-6Al-4V in annealed condition. 10
Figure 2.6: Microstructure of α+β phase Ti-6Al-4V alloy: a) martensitic, b)
globular, c) necklace, d) lamellar, e) bi-modal.
11
Figure 2.7: Microstructure of β- titanium alloy, Ti-3Al-8V-6Cr-4Zr-4Mo: (a)
Annealed at 816 ˚C for 30 min. Followed by air cooling (solution
treated the condition), (b) Annealed at 816 ˚C for 15 min.
followed by air cooling and then heated at 566 ˚C  for six hr. &air
cooled (solution treated and aged condition).
11
Figure 2.8: Shows the microstructures of Ti-6Al-2Sn-4Zr-2Mo-Si (Near alpha
alloy) during as forged condition.
12
Figure 2.9: Schematic presentations of slip and twinning systems in
magnesium arrow heads represent the Burgers Vector.
14
Figure 2.10: Zinc crystallographic unit cell showing the slip planes and tensile
twin in the direction of  1110
.
17
Figure 2.11: Schematic presentation of nature of twin development in zinc. 17
Figure 2.12: Most of the useful industrial applications of zinc in different areas. 18
Figure 2.13: Effect of initial grain size on the recrystallization texture of 92%
thickness reduction and annealed brass material, (a) 30 mm grain
size, 18 hr at 300 oC, (b) 3000 mm grain size, 18 hr at 300oC, (c)
30 mm grain size, 1 hr at 600 oC.
20
Figure 2.14: {111} pole figures of recrystallization texture component of rolled
(a) aluminium, (b) copper, (c) brass (Cu-37%Zn).
21
Figure 2.15: {001} pole figures of Cu-1%P alloy, shows the transformation of
(a) {110} <112> brass rolling texture to (b) {110} <001>goss
texture after recrystallization.
21
[xiii]
Figure 2.16: {111} pole figures of 97.5% rolled Cu-Mg alloys after complete
recrystallization (a) Cu-4%Mn (b) Cu-8%Mn (c) Cu-16%Mn.
22
Figure 2.17: Schematic diagram showing interaction between precipitation and
recrystallization.
23
Figure 2.18: (a) ϕ2 = 45º section of stored energy distribution function of 80%
cold rolled IF steel (b) ϕ2=45o section of stored energy distribution
function of 80% cold rolled and stress relieved at 600°C for 5
minutes IF steel.
26
Figure 2.19: Variation of the critical recrystallization temperature as a function
of stored energy.
27
Figure 2.20: Schematic representation of nucleation by migration of boundaries
induced by deformation.
28
Figure 2.21: Rotations associated with nucleated grains and the deformed
matrix of aluminium single crystal.
29
Figure 2.22: Cold rolled texture component and recrystallized texture
component of a titanium rolled sheet.
31
Figure 2.23: Shows the ϕ1 =0o ODF sections, (a-e) difference in mean grain
size corresponding to annealing temperature, and (f-h) change in
primary recrystallization texture component to secondary
recrystallization texture component.
32
Figure 2.24: ODFs of 40% deformed material after recrystallization annealing
at 710ᵒC and for (a) 12 min, (b) 24 min, (c) 48 min and (d) 60 min
34
Figure 2.25: ODFs of 60% deformed material after recrystallization annealing
at 710ºC and for (a) 12 min, (b) 24 min, (c) 48 min and (d) 60 min.
35
Figure 2.26: ODF figure shows the change in texture development from
deformation to recrystallization for three different cases.
36
Figure 2.27: {0001} }0110{ and }0211{ pole figures of  50% deformed Zr –
2Hf alloy after recrystallization at 530oC for (a) 4 min, (b) 8 min,
and (c) 180 min.
37
Figure 2.28: {0001} }0110{ and }0211{ pole figures of  90% deformed Zr –
2Hf alloy after recrystallization at 530oC for (a) 4 min, (b) 16 min
and (c) 180 min.
37
Figure 2.29: Experimental and simulated pole figures of pure magnesium 39
[xiv]
sheets annealed at, room temperature (RT), 200 oC, 350 oC (a)
asymmetric rolling (ASR), (b) symmetric rolling (SR).
Figure 2.30: The initial texture of AZ31 (a) recrystallized sheet and (b)
squeeze-cast bar. The cold rolling texture of (c) recrystallized
sheet and (d) squeeze cast bar.
40
Figure 2.31: Showing the pole figures mid-layer and the outer surface of the
AZ31 alloy sheet annealed at 520oC for 3hours.
40
Figure 2.32: (0002), )0110( and )2110( pole figures of both cold-rolled and
annealing samples (300oC for 120 min after cold rolling).
41
Figure 2.33: Hot rolling (h.r) and cold rolling (c.r) (0001)pole figure of pure
magnesium, Mg-3Al-1Zn, and Mg-0.2Ce.
42
Figure 2.34: {0002} pole figures of AZ31 magnesium alloy with different
rolling temperature (a) 180 oC, (b) 210 oC, (c) 230 oC, (d) 240 oC,
(e) 250 oC.
43
Figure 2.35: Inverse pole figures of AZ31 magnesium alloy (a) deformed at a
strain rate of 1.2 and annealed at 573K, (b) deformed at a strain
rate of 1and annealed at 473K, (c) deformed at a strain rate of 1
and annealed at 673K.
43
Figure 2.36: {0002}, }0110{ and }0211{ pole figures of hot rolled AZ31
magnesium alloy (a) 20% rolled, (b) 30% rolled, (c) 50% rolled.
44
Figure 2.37: Shows the {0002} pole figures of hot rolled of ME20 magnesium
alloy at different rolling reductions for (a) type-1 sample, (b) type-
2 sample, and (c) type-3 sample.
45
Figure 2.38: Pole and ODF figure of 80% cold rolled ZnCuTi alloy; (a) (0002)
pole figure (b) (0001) pole figure and (c) ODF figure with ф1=
constant.
47
Figure 2.39: (0002) pole figures of (a) ZnCuTi recrystallized for 10 min at
80oC after 80% cold roll (b) ZnCu alloy after 80% cold roll
reduction.
47
Figure 2.40: {0002} and }0110{ pole figures of the deformed and
recrystallized zinc.
48
Figure 2.41: (0002) pole figure of (a) as received specimen and (b) annealed
specimen.
50
[xv]
Figure 2.42: SEM micrographs of tear fracture surface (a) RD (rolling
direction) sample, and (b) TD (transverse direction) sample.
50
Figure 2.43: Inverse pole figure shows the orientation dependent hardness in
commercially pure titanium sample. Hardness varies from 2.73
GPa for indentation parallel to basal plane (shown in white) to
1.34GPa for indents normal to basal plane.
51
Figure 2.44: Inverse pole figure showing the hardness of individual
grains/orientations in a decreasing order from basal to non-basal
orientations.
51
Figure 2.45: (a) stress–strain curves for specimens orientated parallel to the
longitudinal transverse plate rolling directions and (b) Ductility
bend tests for specimens orientated parallel to the longitudinal and
transverse plate rolling directions.
52
Figure 2.46: Longitudinal (top) and transverse (bottom) specimens after bend
testing.
52
Figure 2.47: Orientation of the AZ31 Mg samples with texture reference frame
under: (a) c- axis compression; (b) c-axis extension; and (c) c-axis
constraint.
54
Figure 2.48: Flow stress–equivalent strain curves of the AZ31 Mg alloy tensile
tested at 300oC and 0.3 s−1.
54
Figure 2.49: Effect of heat treatment on typical engineering stress–strain curves
tensile tested at room temperature for Mg–Y–Nd–Zr alloy, after
hot deformation to ε=1.5 at various temperatures from 410 to 500
oC.
55
Figure 2.50: {0001} pole figure and inverse pole figures showing the
orientation of differently strained samples, (a) Scheme1 (b)
Scheme2 (c) Scheme3 and (d) Stress-Strain curves of three
schemes.
56
Figure 2.51: (a) Showing the hardness of individual grains/orientation in [0001]
inverse pole figure, (b) orientations of the grains in hot rolled pure
magnesium sheet.
57
Figure 2.52: Showing indentation hardness as a function of tensile deformation. 57
Figure 2.53: (0002) pole figures for (a) the hot-rolled and annealed AZ31B Mg 58
[xvi]
alloy recorded on the rolling plane and (b) the ECAE processed
sample taken on the flow plane Directional arrow colours
correspond with the different orientations and compression curves
in (c). FD (flow direction); LD (longitudinal direction); ED
(extrusion direction).
Figure 2.54: Stress–strain curves corresponding to pure Zn tested in tension at
room temperature and 3Х10-3S-1before and after processing by
HPT. In as-received material the tensile axis is perpendicular to
the extrusion direction and in the HPT-processedspecimens, it is
perpendicular to the disk normal.
59
Figure 4.1: ODF plots (both 2D and 3D) of annealed cp-titanium samples.
The contour levels of rolled and ARB processed samples are at 4,
5, 6, 8, 10, 11 and 13 times random. While that of cross-rolled
samples are at 3, 4, 5, 6, 7, 8 and 10 times random. It may be
noted that the selection of such contour levels are based on
maximum ODF intensity values.
80
Figure 4.2: ODF intensity, f(g) of ]5211[ fibre along ф2 (ф1 = 0○ and Φ = 32○)
from the bulk texture for; (a) Rolling, (b) ARB processing and (c)
Cross-rolling samples. It may be noted that samples annealed
below 5 min didn’t show distinct fibre and hence the intensity
distribution for samples below 5 min of annealing time is not
shown in the figure.
81
Figure 4.3: Difference in ODFs at ϕ1 = 0° sections during annealing of cp-
titanium: (a–c) for rolled samples; (d–f) for ARB-processed
samples; (g–i) for cross-rolled samples. (a, d and g) samples
annealed for 5 min minus sample before annealing, (b, e and h)
samples annealed for 30 min minus sample before annealing and
(c, f and i) samples annealed for 30 min minus samples annealed
for 5 min, respectively. The contour levels in rolled and cross-
rolled samples are at 5, 8, 10, 12, 14 and 20 times random,
whereas that for ARB-processed samples are at 10, 15, 20, 25, 30
and 35 times random.
82
Figure 4.4: IPF maps of cp-titanium annealed at 600 oC for different soaking 85
[xvii]
times. It may be noted that the EBSD measurement was
impossible for samples annealed below 1.5 min soaking time.
Figure 4.5: Effect of annealing time on percentage recrystallization during
annealing cp-titanium. Percentage recrystallization was calculated
by partitioning the ebsd scans with grains > 2 µm size and average
GOS of < 0.76°. The average GOS of 0.76o was considered the
machine tolerance value.
85
Figure 4.6: Average grain size, obtained from EBSD measurements, of cp-
titanium samples as a function of annealing time.
86
Figure 4.7: Misorientation development during annealing of cp-titanium
represented by (a) Average GAM and (b) Average GOS.
87
Figure 4.8: Volume fraction of grains of orientation (within 15° deviation
from exact orientation) as a function of annealing time.
88
Figure 4.9: (a) Schematic of the cp-titanium plate used in the present study.
The rolling direction is marked as an arrow head; (b) Texture of
the plate w.r.to its orientation; and (c) The rolling texture
evolution w.r.to the plate orientation. The texture is represented by
ODF plot at ф1=0º section.
90
Figure 4.10: Stored energy, estimated from X-ray peak broadening values, of
different orientations: deformed, annealed for 0.17 min and
annealed for 0.50 min samples. Samples annealed beyond 0.50
min annealing time were not considered as the increase in grain
size beyond 0.50 min annealing time also affects the peak
broadening values. The orientations; 1: )1110( , 2: )2110( , 3:
)3110( and 4: )4211( were considered for the estimation of stored
energy.
91
Figure 4.11: Grain size distribution of grains close to ]5211[ orientation i.e.
within 15° deviation from exact orientation and other grains i.e.
above 15° deviation from the exact ]5211[ orientation, in rolled
cp-titanium sample after annealing: (a) for 2 min of annealing
time, (b) for 5 min of annealing time and (c) for 30 min of
annealing time.
91
[xviii]
Figure 4.12: Grain size distribution of grains close to ]5211[ orientation i.e.
within 15° deviation from exact orientation and other grains i.e.
above 15° deviation from the exact ]5211[ orientation, in cross-
rolled cp-titanium sample after annealing: (a) for 2 min of
annealing time, (b) for 5 min of annealing time and (c) for 30 min
of annealing time.
92
Figure 4.13: Misorientation angle distribution of grains close to ]5211[
orientation i.e. within 15° deviation from exact orientation and
other grains i.e. above 15° deviation from the exact ]5211[
orientation, in rolled cp-titanium sample after annealing: (a) for 2
min of annealing time, (b) for 5 min of annealing time and (c) for
30 min of annealing time.
93
Figure 4.14: Misorientation angle distribution of grains close to ]5211[
orientation i.e. within 15° deviation from exact orientation and
other grains i.e. above 15° deviation from the exact ]5211[
orientation, in cross-rolled cp-titanium sample after annealing: (a)
for 2 min of annealing time, (b) for 5 min of annealing time and
(c) for 30 min of annealing time.
94
Figure 4.15: Misorientation angle distribution of grains close to ]5211[
orientation i.e. within 15° deviation from exact orientation and
other grains i.e. above 15° deviation from the exact ]5211[
orientation, in ARB-processed cp-titanium sample after annealing:
(a) for 2 min of annealing time, (b) for 5 min of annealing time
and (c) for 30 min of annealing time.
94
Figure 4.16: Selected regions of EBSD scans showing some triple point of
three grains in cp-titanium annealed for 5 min: (a) IPF map; (b)
orientation of grains in (a); and (c) grain average misorientation of
grains in (a). The inverse pole figure of cp-titanium sample
annealed for 30 min is shown in the bottom of the figure. This
may be beneficial for correlations, as the texture was represented
by ODF earlier. The white dotted line is an indicative of grain
stability. The angle between the lines is 120°.
95
[xix]
Figure 4.17: Selected regions of EBSD scans showing triple point of three
grains in cp-titanium annealed for 30 min: (a) IPF map; (b)
orientation of grains in (a); and (c) grain average misorientation of
grains in (a).
96
Figure 5.1: (0002) pole figures, estimated by XRD, of magnesium samples
after different processing: (a) Cold rolled, (b) Annealed for 10 s,
(c) Annealed for 30 s, (d) Annealed for 1 min, (e) Annealed for 2
min, (f) Annealed for 5 min, (g) Annealed for 10 min, (h)
Annealed for 30 min and (i) Hot rolled. The contour levels are at
2, 3, 5, 7, 8 and 9 times random.
101
Figure 5.2: 3-dimensional ODFs, based on X-Ray pole figures of magnesium
samples after different processing: (a) Cold rolled, (b) Annealed
for 10 s, (c) Annealed for 30 s, (d) Annealed for 1 min, (e)
Annealed for 2 min, (f) Annealed for 5 min, (g) Annealed for 10
min, (h) Annealed for 30 min and (i) Hot rolled. Low intensity
levels were removed from the plots for a better representation of
the dominant texture components in the samples.
102
Figure 5.3: Volume fraction of the main texture components, i.e. the <0001>,
< 0117 > and < 0113> fibres, during cold rolling, annealing and hot
rolling of magnesium samples, based on a 10° tolerance angle.
103
Figure 5.4: Image quality (IQ) maps of annealed magnesium as a function of
soaking time of annealing: (a) 10 s, (b) 30 s, (c) 1 min, (d) 2 min,
(e) 5 min, (f) 10 min, (g) 30 min, and (h) IQ map of hot rolled
magnesium sample.
105
Figure 5.5: Fraction of recrystallization as a function of annealing time and of
hot rolling based on partitioning EBSD maps according to the
GOS value, details given in the text.
106
Figure 5.6: Average grain size of annealed and hot rolled magnesium samples.
EBSD analysis was impossible for the cold rolled sample because
the diffraction patterns were too indistinct to be indexed.
106
Figure 5.7: Grain orientation spread (GOS) in the annealed and hot rolled
magnesium samples.
107
Figure 5.8: Averagegrain diameter with respect to the angle of deviation from 108
[xx]
exact basal orientation.
Figure 5.9: Averagegrain orientation spread (GOS) as a function of average
grain size in annealed and hot rolled magnesium samples.
108
Figure 5.10: Averagegrain average misorientation (GAM) with respect to the
angle of deviation from exact basal orientation. GAM is the
average misorientation of each nearest neighbour pair of points in
a given grain.
109
Figure 5.11: Grain boundary fraction as a function of annealing time and hot
rolling of magnesium. LAGBs are low angle grain boundaries
(solid symbols) and HAGBs are high angle grain boundaries (open
symbols).
109
Figure 6.1: (0002) and )0110( pole figures of Zn samples after cryo-
rollingand subsequent annealingat 50 oC.
115
Figure 6.2: ODFs, at constant φ2 = 30o, and maximum f(g) of Zn samples after
cryo-rollingand subsequent annealingat 50 oC: (a) rolled, (b)
annealed for 5 min, (c) annealed for 10 min, (d) annealed for 20
min, (e) annealed for 30 min and (f) maximum f(g) values as a
function of rolling and annealing time. Annealing time of 0 min in
(f) corresponds to the rolled sample and the same convention has
been followed in the subsequent plots. Arrow heads indicates the
orientation of compressive twins.
116
Figure 6.3: EBSD maps on the sample plane perpendicular to ND of the Zn
samples after cryo-rollingand subsequent annealingat 50 oC: (a)
rolled, (b) annealed for 5 min, (c) annealed for 10 min, (d)
annealed for 20 min and (e) annealed for 30 min. The color code
corresponds to ND of the samples. White and black boundaries in
the maps represent the high angle grain boundaries and twin
boundaries respectively.
118
Figure 6.4: Average grain size of the Zn samples as a function of cryo-
rollingand subsequent annealingat 50 oC.
119
Figure 6.5: Fraction of twin boundaries as a function of cryo-rollingand
subsequent annealingat 50 oC.
119
[xxi]
Figure 6.6: Average GAM values of the Zn samples after cryo-rollingand
subsequent annealingat 50 oC.
120
Figure 6.7: Vickers hardness of the Zn samples after rolling at cryo-rollingand
subsequent annealingat 50 oC.
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Figure 6.8: Misorientation angle distribution for orientations of [1120] (<15o
from the exact orientation) and other orientations i.e. orientations
> 15o from the exact orientation of[1120] ofthe Zn samples after
cryo-rollingand subsequent annealingat 50 oC: (a) rolled, (b)
annealed for 5 min, (c) annealed for 10 min, (d) annealed for 20
min and (e) annealed for 30 min.
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Figure 6.9: Average KAM values of two orientations i.e. orientations of
[1120] (<15o from the exact orientation) and other orientations
(orientations > 15o from the exact orientation of[1120] ) of the Zn
samples after cryo-rollingand subsequent annealingat 50 oC
. The samples after rolling and annealed for < 10 min (region A)
had higher average KAM values for [1120] orientations whereas
samples annealed for > 10 min (region B) had lower average
KAM values.
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Figure 6.10: A schematic showing the possible mechanism for the
microstructural developments during annealing of Zn samples. (a)
Deformed microstructure superimposed with unit cells, (b)
Normal grain growth (attributed to the difference in strain between
neighboring grains), (c) Microstructure during intermediate
annealing superimposed with orientations, (d) Final microstructure
(obtained by stable oriented growth).
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Figure 6.11: Aschematic showing the possible mechanism for the difference in
hardness of Zn samples after cryo-rollingand subsequent
annealingat 50 oC. (a) Orientation of unit cell with respect to the
applied load; (b) Initial deformed microstructure; (c, e, g)
Nucleation of compressive twins in the plastic region after
indentation; (d, f, h) Extent of back stress present in a grain after
indentation (Length of black arrow indicates the extent of back
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stress developed due to dislocation accumulation in a grain after
deformation as well as annealing); (i) A grain completely covers
the plastic zone and nucleation of compressive twins in the same
grain itself.
Figure 7.1: Stress–strain plot of different cp-titanium samples w.r.to sample
orientation.
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Figure 7.2: Inverse pole figure showing the orientations of the grains that
were selected for nanoindentation. Each orientation has an
associated hardness value presented in table 7.1. It may be noted
that, hardness of more than 300 grains were measured.
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Figure 7.3: Inverse pole figure (IPF)maps, image quality (IQ)maps and maps
showing high angle boundaries (black line) & twin boundaries
(tensile twin boundaries—red lines & compressive twin
boundaries — blue lines) of cp-titanium (0 deg sample)subjected
to tensile deformation; (a) deformed till yield point, (b) deformed
till ultimate tensile strength and (c) deformed till fracture.
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Figure 7.4: Twin boundary fractions as a function of tensile deformation of
cp-titanium (0° sample). YP: deformed beyond yield point, UTS:
deformed till ultimate tensile strength and FS: deformed till
fracture stress.
135
Figure 7.5: Average GAM of grains/orientations of cp-titanium (0 deg
sample) subjected to tensile deformation. The selection of
orientations was based on the hardness values as estimated by
nanoindentation, (a) Deformed till yield point, (b) Deformed till
ultimate tensile strength and (c) Deformed till fracture.
136
Figure 7.6: Average value of orientation estimated elastic stiffness (in GPa) of
grains/orientations of cp-titanium (0 degsample) subjected to
tensile deformation up to yield point. The other deformed samples
(deformed till ultimate tensile strength and deformed till fracture)
showed similar trend.
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Figure 7.7: Schmid factor of grains/orientations corresponding to basal/near-
basal orientations for different slip systems.
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Figure 7.8: Schmid factor of grains/orientations corresponding to off-basal 139
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orientations (~30o from exact basal orientation) for different slip
systems.
Figure 7.9: Schmid factor of grains/orientations corresponding to non-basal
orientations (~65o from exact basal orientation) for different slip
systems.
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Figure 7.10: Average Taylor factor of grains/orientations of cp-titanium
subjected to tensile deformation.
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Figure 7.11: Inverse pole figures of different cp-titanium samples w.r.to
samples orientation, estimated by X-Ray Diffraction; (a) sample
along RD, (b) sample along 45o to the RD and (c) sample along
90o to the RD. The contour levels are at 2, 3, 4, 5 & 6 times
random.
141
Figure 7.12: (a)EBSD estimated discrete inverse pole figure representing the
grains/orientations where nanoindentationwas carried out; (b)
Corresponding hardness of different grains/orientations shown in
(a).
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Figure 7.13: Orientation estimated elastic modulus distribution of different
grains/orientations of pure magnesium annealed at 200 oC for 30
min of soaking time. Basal orientations were orientations those
were< 14oaway from exact basal orientation and off-basal
orientations were corresponding to 14o-28o from exact basal
orientation. In other words grains/orientations of 1–12 (Figure
7.12a) were basal grains/orientations, whereas others i.e. 13–24
are off-basal grains/orientations.
148
Figure 7.14: XRD estimateddislocation density and stored energyw.r.to
different orientations in pure magnesium. Basal: (0001); Off-
basal: )3101(
.
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Figure 7.15: IPF maps of annealed magnesium samples: (a) Annealed at 200 oC
for 5 min., (b) Annealed at 200 oC for 10 min. and (c) Annealed at
200oC for 30 min.
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Figure 7.16: Effect of grain size as a function of soaking time of annealing at
200 oC in pure magnesium.
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Figure 7.17: Grain orientation spread (GOS) of pure magnesium samples 150
[xxiv]
annealed at 200 oC for 5 min and 10 min of soaking time
respectively.
Figure 7.18: (0002) pole figure of different magnesium samples: (a) Cold
rolled, (b) Annealed at 200 oC for 5 min., (c) Annealed at 200 oC
for 10 min. and (d) Annealed at 200 oC for 30 min. The contour
levels are at 2, 4, 6, 8 and 9 times random.
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Figure 7.19: Volume fraction of (0001) <1010> orientation (i.e. basal
orientation) in rolled and annealed pure magnesium samples.
Volume fraction is estimated through integration method where
15o tolerance from exact orientation is taken.
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annealing.
152
Figure 7.21: Orientation (represented an unit cell) w.r.to the direction of
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and (c) c-axis of the unit cell is 20o to the indention direction. Red
colour dislocations: basal dislocations and green colour
dislocations: prismatic dislocations.
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Figure 7.21. The grain with grey colour was subjected to
nanoindentation. Respective dislocation activations after
nanoindentationwere also shown in the schematic. Saffron colour
dislocations: pyramidal dislocations, Red colour dislocations:
basal dislocations and green colour dislocations: prismatic
dislocations.
154
Figure 7.23: Schmid factor distribution of annealed pure magnesium samples
for 5 min and 10 min of soaking time.
155
[xxv]
List of Tables
Table 2.1: Axis-angle relationship for different twin systems in magnesium. 14
Table 2.2: Effect of different strain states on the rolling and recrystallization
texture of aluminium alloy.
25
Table 7.1: Nanohardness of different orientations/grains shown in figure 7.2. 133
Table 7.2: Volume fraction of different orientations at a deviation of 5° from
the exact orientation, estimated from XRD results. These
orientations were representative of the grains measured form
nanoindentation (the symbol codes were shown in Figure 7.2).
142
[1]
Chapter 1
Introduction
Understanding of recrystallization or annealing texture is very important as
annealing, the process of recrystallization texture developments in materials, is the final
forming operation for many industrial/structural materials. These texturesare accountable
for the anisotropy in mechanical properties of the material and will in many cases control
the properties of the end productto a large extent. In cubic materials, such recrystallization
textures have been well documented in the literature although no general acceptable
mechanism for such texture developments have been reported [1-9]. However, in
hexagonal materials the examination of recrystallization texture is very much limited
compared to cubic materials [1, 2, 10, 11]. As a general rule, it has been well accepted that
the recrystallization texture development in a material primarily dependent on the cold
deformation texture that exists in the material prior to annealing [4, 12-18]. Keeping this
in mind the present study (primarily) aimed at finding out the recrystallization texture
developments in hexagonal metals subjected to large strains and/or different strain-paths.
The present study also aimed at correlating the evolved recrystallization textures of the
hexagonal metals with the mechanical properties of these metals. The second objective
was being targeted because of the nature of these metals which are highly anisotropic.
Three hexagonal metals were selected, based on their relative c/aratios, for the
present study: (1) Commercially pure titanium (c/a= 1.587, which is lower than the ideal
c/aratio of 1.633), (2) Pure magnesium (c/a= 1.623, which is nearly equal to the ideal
c/aratio) and (3) Pure zinc (c/a= 1.856, which is greater than the ideal c/aratio). Both
titanium and magnesium are widely used as structural materials for their excellent
mechanical properties [19-22]. However, zinc is widely used in galvanizing iron and steel
products because of its superior corrosion resistance [23, 24]. These materials have been
subjected to large strains and/or different strain-paths using a laboratory rolling mill,
before annealing. Care has been taken to change/weaken the initial cold rolling texture
wherever possible. For example, commercially pure titanium (cp-titanium) was cold rolled
through accumulative roll bonding (ARB) as well as multi-step cross rolling (MSCR).
ARBprocessing generallyincreases the initial strain level and hence increases the
[2]
colddeformation texture component in the material [25-27]. Whereas, MSCR can change
the initial deformation texture in the material [28-31].
It has been well understood that mechanical properties of hexagonal materials can
be regulated through texture control in these materials. Although this is valid for other
materials also, but this has been widely exploited in hexagonal materials [32-36]. For
example, pure titanium single crystals as well as polycrystalline titanium showed a
decreasingYoung's modulus and shear modulus with increasing deviation fromexact basal
orientations [37].In the present study, this has also been attempted to correlate the
annealing texture developments with the mechanical properties of the hexagonal metals
such as titanium and magnesium.
1.1 Objectives
a) Recrystallization texture in cp-titanium:Plastic deformation of cp-titanium
through cold rolling, ARB processing and cross-rolling to impose large amount
of deformation as well as to modify the deformation texture before annealing.
Annealing of the deformed samples at 600 oC for different soaking times to
investigate the recrystallization texture developments in the material.
Subsequently, a systematic micro-macro correlation of mechanical properties
w.r.t orientations/textures of cp-titanium has been proposed through tensile
testing, nanoindentation, X-ray diffraction (XRD) and electron back scattered
diffraction (EBSD).
b) Recrystallization texture in pure magnesium:Plastic deformation of pure
magnesium through cold (cross-) rolling followed by annealing at 200 oC for
different soaking times. Investigation of recrystallization texture developments in
the material after annealing. Hot rolling of pure magnesium at 200 oC to compare
the texture developments in the hot rolled and annealed samples. Exploitation of
mechanical property of pure magnesium from orientation perspective.
c) Recrystallization texture in pure zinc:Plastic deformation of pure zinc through
cryo-rolling (rolling at liquid Nitrogen temperature) as pure zinc gets annealed at
room temperature deformation. Annealing of the cryo-rolled samples at 50 oC for
different soaking times. Investigation of textures in the samples after cryo-rolling
[3]
and subsequent annealing. The orientation dependent mechanical properties has
not been proposed in this case as the structural application of pure zinc is limited
as well as the experimental difficulties might be occurred because of low
annealing temperature of pure zinc.
1.2 Framework of the Thesis
The present thesis has been divided into eight (8) chapters followed by references.
Chapter 1 provides an introduction to the work of the thesis followed by main objectives
of the thesis. In chapter 2, an extensive literature review has been provided. This chapter
starts with the introduction of the materials used in the present work. Then the theory of
recrystallization texture and the reported mechanisms of recrystallization texture
developments have been provided. Subsequently, the recrystallization texture
developments in hcp metals such as titanium, zirconium, magnesium and zinc have been
reported. Zirconium is an important structural material, extensively used in nuclear
industries. This has also a c/a ratio of 1. 593 and is close to that of titanium. It has been
believed that the thermo-mechanical processing behaviour of zirconium is equivalent to
titanium and hence, this has not been used in the present thesis. However, the available
literature on recrystallization texture developments in zirconium has been provided for the
readers of this thesis. Finally, chapter 2 ends with the available literature on orientation
dependent mechanical properties of HCP (Hexagonal Close Packed) metals used in the
present thesis. Chapter 3 explains the experimental details including the materials used,
sample preparation and characterization techniques used in the present thesis. Chapter 4, 5
and 6 respectively provide the recrystallization textures observed in cp-titanium, pure
magnesium and pure zinc with discussion of the recrystallization texture developments in
these metals followed by conclusions. The orientation dependent mechanical properties of
cp-titanium and pure magnesium have been provided in Chapter 7. Finally the work has
been summarized in Chapter 8 which follows the scope for further research and the list of
publications (in international journals and international/national conferences)
published/communicated from the present work.
[4]
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Chapter 2
Literature Review
This chapter has been divided into following three important sections to provide an
extensive background for the readers.
i) A brief introduction of the materials used in the present study, namely Titanium
(Ti), Magnesium (Mg) and Zinc (Zn): This includes the physical metallurgy of
these materials along with their properties and applications for different
components.
ii) Recrystallization texture developments: Reports on recrystallization texture
developments in hexagonal metals are limited. Such texture developments and
related mechanisms have been discussed first, and subsequently available
literature on recrystallization texture developments in hexagonal metals has been
discussed. As mentioned earlier, recrystallization texture developments in
hexagonal Zirconium has also been included in this section.
iii) Finally, the role of texture/orientation on mechanical properties of the materials
has been discussedfrom the available reports.
2.1A brief Introduction to Hexagonal Materials
2.1.1 Titanium (Ti)
2.1.1.1 Metallurgy of Titanium and its Alloys
Titanium was first discovered by W. Gregor in 1791 [1] and later in 1795 by M. H.
Klaproth [1,2]. Titanium was first extracted by W.J. Kroll [3] who produced titanium from
its ore by the non-vacuum process. This process involves the reduction of titanium
tetrachloride with magnesium in an inert gas atmosphere. The commercial interest of
titanium rises due to its low density, high strength, and excellent corrosion resistance.
Titanium has been mostly used in aerospace industries [4-8] and structural works where
strength to weight ratio is crucial [2,4,8,9] and also in corrosion resistance areas such as
chemical industries [2, 8, 10].
[7]
Pure titanium has hcp (Hexagonal Close Packed) crystal structure (α-titanium) at
room temperature which transforms to bcc (Body Centred Cubic) β-titaniumabove
882.5oC [8, 11, 12]. The hcp unit cell of room temperature α-phase and β-phase along with
the most densely packed lattice planes and parameters are shown in figure 2.1 [11]. The
c/a ratio of α-titanium is 1.587 which is lower than the ideal c/a ratio of 1.633. Some
alloying elements are added to pure titanium to alter the allotropic phase transformation
[8, 12-15]. These alloying elementsare commonly known as alpha and beta stabilizers. The
α-stabilizers increase the β-transformation temperature whereas β-stabilizing elements
lower the β-transformation temperature. The most common α-stabilizers are aluminium
(Al), oxygen (O), carbon (C) and nitrogen (N). The β-stabilizers are distinguished into, β-
isomorphous types (molybdenum (Mo), vanadium (V), tantalum (Ta) and niobium (Nb))
and β-eutectoid types (iron (Fe), chromium (Cr), manganese (Mn), cobalt (Co), nickel
(Ni), copper (Cu), silicon (Si) and hydrogen (H)) [8,15].There are also some other
elements exits for example, zirconium (Zr) and tin (Sn), which behave more or less neutral
or slightly decrease the transformation temperature.
Figure 2.1: HCP unit cell of α-phase and BCC β-phase of titanium [11].
Titanium is usually deformed by the combined effect of slip and twinning [8, 11,
16-19]. The various slip systems observed in hcptitanium is schematically shown in figure
2.2 [8]. However, the dominant slip systems in α-titaniumare prismatic }0110{  0211
followed by pyramidal }1110{  0211 and basal (0002)  0211 with an <a> type
[8]
Burgers vector [17]. The maximum critical resolved shear stress (CRSS) is required for
slip with <c+a> type Burgers vector [17,20,21]. The slip modes usually observed in β-
titaniumare {110}<111>, {112}<111> and {123}<111> [22]. Figure 2.3 shows the
schematic representation of twin systems observed in titanium [19].
Figure 2.2: Schematic presentation of slip systems of hcp titanium [8].
[9]
Figure 2.3: Schematic presentation of twin systems in hcptitanium [19].
2.1.1.2 Classification of Titanium Alloys
Titanium alloys are usually classified as; α-alloy, α+β alloy, β-alloy, and transition
structure near-α and near-β alloy [8, 11, 15, 23, 24]. The titanium alloys composed of Al,
O, N and C which are α-stabilizers are considered as α-alloys. The most common of the α-
alloys is commercially pure titanium (CP-Ti) [25]. There are several commercially
available grades of CP-titanium and they differ in physical and mechanical properties
depending on their chemical compositions [2, 11, 26]. The alloying elements like C, O, N
and H are added to titanium for increasing the strength of the alloy. The pure titanium
contains about one weight percentage of these interstitial elements. Figure 2.4 shows the
typical microstructure of cold rolled and annealed pure titanium [27].
Figure 2.4: Microstructure of cold rolled and annealed high-purity unalloyed titanium sheet [27].
[10]
The α+β alloys have sufficient amount β-stabilising elements [5, 23, 25]. As the
name implies, the titanium alloys that have a structure of partly alpha phase and partially
beta phaseare α+β titanium alloys. The addition of V, Ta, Mo and Nb to pure titanium
tends to promote room temperature existence of beta phase.  The most important α+β
titanium alloy is Ti-6Al-4V alloy; it is very useful and most available, strongest among all
the Ti alloys[28]. The α+β alloys are also considered as precipitation-hardening alloys.
The phase transformation of α+β alloy occurs at the temperature of 955oC [25]. The
typical microstructures of theTi-6Al-4V alloy are shown in figures 2.5 and 2.6. The
microstructure of the Ti-6Al-4V alloy in annealed condition is shown in figure 2.5 [29].
Figure 2.6 shows microstructures of dual phase Ti-6Al-4V alloy after hot working and
heat treatment [30]. The microstructure consists of martensitic, globular, necklace,
lamellar, bi-modal grains.
The β- alloysare produced by adding large amounts of V and Mo to make the β-
phase stable at room temperature. A typical β-phase alloy has a composition of 13% V,
11% Cr, and 3% Al. The β-phase alloys are typically employed in the aerospace sector for
landing gear applications [24]. The microstructure of annealed β-alloy, Ti-3Al-8V-6Cr-
4Zr-4Mo,is shown in figure 2.7.
Near-α alloyis entirely alpha phase with a small amount of β-phase dispersed
through the alpha phase as illustrated in figure 2.8. Such alloys are obtained by adding
small amounts of Mo and V [13, 28].
Figure 2.5: Typical microstructure of Ti-6Al-4V in annealed condition [29].
[11]
Figure 2.6: Microstructure of α+β phase Ti-6Al-4V alloy: a) martensitic, b) globular, c)
necklace, d) lamellar, e) bi-modal [30].
Figure 2.7: Microstructure of β- titanium alloy, Ti-3Al-8V-6Cr-4Zr-4Mo: (a) Annealed at 816˚C
for 30 min. followed by air cooling, (b) Annealed at 816˚C for 15 min. followed by air cooling and
then heated at 566oC  for six hr. &air cooled[9].
[12]
Figure 2.8:Microstructures of Ti-6Al-2Sn-4Zr-2Mo-Si (near alpha alloy) during as forged
condition[9].
2.1.1.3Properties and Applications of Titanium Alloys
Titanium has light weight, high fatigue strength, high-temperature resistance to
creep and highly ductile in nature. It has good thermal conductivity (20 W/m-K), high
specific heat capacity (523 J/kg-K), very high yield stress (116 GPa), low specific gravity
(4.5) and excellent resistance to corrosion [11, 13, 15]. Due to these exceptional properties
titanium and its alloys are widely used in structural industry for making of structural
components and in the aerospace industry as engine components and airframes. Titanium
has superseded steel alloys for use in the small and intermediate pressure compressor
assemblies of gas turbine power plants [5,15]. With advanced high-temperature
stability,near-α titanium alloys competewith nickel alloys for usein the hot-end high-
pressure compressor stages of the Rolls-Royce Trent 700 and RB211 engines [23]. In non-
aerospace application [10] category titanium has popularly used in sports and racing car
parts, bike frames, wrist watches, tennis racquets, underwater craft, golf clubs and general
industrial equipment [13,15]. Due to its high corrosion resistance [13,32] to sea water,
titanium and its alloys havebeen used in petrochemical industries [13,25]. Titanium is non-
toxic for which it has been employed in biomedical applications like artificial bone and
joint replacement [28] and pacemakers, and often used for corrosion problems in handling
foods. Titanium is also used as the coating of welding rods [13,25] and also in the
production of chlorine [11,25,28]. Although theproduction cost limits its applications,the
usage of titanium and its alloysiscomparable to other structural materials like aluminium
and steel.
[13]
2.1.2 Magnesium (Mg)
Magnesium is the lightest structural material among all the engineering materials
[33]. It was discovered in 1808 by Sir Humphrey Davy [34]; earlier in 1755, it was
identified as an element. However, it was not commercially used before 1920 [33].
Magnesium has started to receive attention in the mid-nineteenth century in Germany, and
its primary application was for aircraft and military applications [33, 35]. Magnesium is a
relatively common metal in the Earth’s crust and is a principal constituent of dolomite.
However, magnesium is relatively expensive to produce, because it is hard to extract from
its mineral ores. A number of commercial processes are used for the production of
magnesium [33, 35-37]. The electrolysis process was the one of the primary magnesium
extraction processes [36]. The electrolysis process primarily involves plating of
magnesium out of a molten bath of magnesium chloride.
Magnesium has a hexagonal closed pack structure with lattice parameters of a =
0.32094 nm, c = 0.52108 nm and c/a = 1.623 at room temperature. The c/a ratio is nearly
equal to the ideal c/a ratio of 1.633. At room temperature, the basalslip is the primary slip
system, as the CRSS (critical resolved shear stresses) of non-basal slip systems such as
prismatic slip and pyramidal slip systems show much higher values at room temperature
than thatof basal slip system. However, prismatic and pyramidalslip systems are activated
at higher temperatures [38-41]. Figure 2.9 shows the different slip and twin systems in
magnesium [42]. Table 2.1 shows the axis-angle relationships for different twin systems in
magnesium [41, 43-45].
As a pure metal, magnesium is very weakand hence, it has been alloyed with
different elements for engineering applications. The primary alloying elements are Al, Mn
and Zn [33, 35-37]. Less common elements such as thorium (Th), Zr and rare earth
elementsare also used [35-37]. For many years, magnesium was primarily used as an
alloying element in Al industries and desulphurisation of steel; with very limited use of
wrought products.Magnesium alloys are usually classified into two categories as:(a)
casting alloys and (b) wrought alloys. Three types of cast magnesium alloys are available;
aluminium – zinc – manganese (AZ) series, aluminium – manganese (AM) series and
aluminium – silicon – manganese (AS) series [35,46]. These series of alloys possess
excellent casting characteristics;develop high strength and having large stable properties at
elevated temperatures.
[14]
Figure 2.9: Schematic presentations of slip and twinning systems in magnesium arrow heads
represent the Burgers Vector [42].
Table 2.1: Axis-angle relationship for different twin systems in magnesium [41,43-45].
Twin Type Misorientation
angle/axis
}2110{ 860  1021 Tensile Twin
}1110{ 560  1021 Compressive Twin
}3110{ 640  1021 Tensile Twin
}1110{ - }2110{ 380  1021 Double Twin
}3110{ - }2110{ 220  1021 Double Twin
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The magnesium alloys having Al as a principal alloying element are; AZ63A,
AZ81A, and AZ91C. AZ63A magnesium alloy has high yield strength and maximum
toughness. AZ81A magnesium alloy is used where high ductility and high yield strength is
required [47]. AZ91C magnesium alloy is most important and useful alloy where pressure
tightnessand good weldabilityare required [48]. The common, rare earth and Zr containing
magnesium casting alloys are; EK30A, EK41A, and EZ33A. All these three alloys provide
high-pressuresolid castings and possess excellent creep strength at a temperature up to
260oC [33]. HK31A and HZ32A are alloys containing Th as principal amount. These are
useful forhigh-temperature applications. The two alloys, ZH62A and ZK51A, containing
Mn, Zn and Zr provide almost same mechanical properties suchasgood creep strength,
fatigue strength and good pressure tightness.AM100A comes under AM series of
magnesium casting alloys containing Al and Mn as main alloying elements.It is only used
in permanent mould castings. This alloy has excellent mechanical properties [35].
The most common magnesium wrought alloys are AZ31B, AZ31C, AZ61A,
AZ80A, ZK60A, ZK60XB, ZK60A, ZK60XB and M1B [33, 35, 49]. AZ31B magnesium
alloy is the most widely used and possessesexcellent forming characteristics withgood
ductility and strength [37]. Alloy AZ31C has almost similar characteristics like AZ31B
but having higher impurities. AZ61A and AZ80A possess excellentstrength while
elongation is higher in ZK60A. ZK60XB and ZK60A alloys have almost similar
characteristics while ZK60XB has maximum properties in large extrusions [49]. The M1A
magnesium alloy has low strength and low ductility andit is used where strength and
ductility are less concerned. From all the magnesium alloys the AZ31 series alloys
received most attention because of its excellent properties as comparable to other light
metals like aluminium and steel.
Due to the low density of magnesium, it is used in the automobile industry to
increase the fuel efficiency of the vehicles [50]. The crankcases and the transmission
housing system of Volkswagen car were the first application of die-cast magnesium alloys
in automobile industry [38]. Recently magnesium and its alloys are popularly used in
heavy body components such as dashboard supports, gearbox housings and engine blocks,
samsonite luggage, military aircraft and space industries [35, 36, 38]. However, in
automobiles industries, the application of magnesium and its alloys are still very limited
[37]. The fundamental cause of this limitation is the poor room temperature formability.
[16]
2.1.3 Zinc (Zn)
Zinc was identified by Andreas Sigismund Marggraf in 1750, but it was used
centuries before discovered in the metallic form. It was named from the German word
Zinke, by the alchemist Paracelsus [51, 52]. Zinc has never been found in its pure form
naturally. Zinc was found as a mineral in the earth's crust, usually associated with other
base metals such as copper and lead. Zinc is extracted from its carbonate or sulphide ores
by the cold electrolytic procedure [53]. In the metallurgical process, the ores are first
melted, and the obtained zinc oxide is reduced to wrought zinc.
Zinc has c/a ratio of 1.858, which is greater than the ideal c/a ratio (1.633) of the
hcp crystal structure. Slip occurs by (0001) basal plane in the direction of  0211 . Plastic
deformation also accommodated by the prismatic and pyramidal slip systems along with
the mechanical twinning [54] as shown in figure 2.10. Due to the presence of
twinning,pyramidal slip and basal slip cannot be activatedeasily. In zinc, twinning is
favoured by compression parallel to the c- axis and tension normal to the c-axis as shown
in figure 2.11. It is also observed that low testing temperature and high strain rates
increase the tendency for the development of twinning in zinc [55].
Zinc has restricted solid solubility with other elements due to hcp crystal structure.
The main alloying elements of zinc are Al, Cu, Pb and Cd for increasing itsfabricability.
Brass, an alloy of zinc and copper, is the most important alloy of zinc [56]which is
stronger and more ductile than copper [57]. It has superior corrosion resistance and is
widely used in marine hardware, water valves, instruments and communication
equipments [58]. Other alloys of zinc are solder (zinc – tin - lead), prestal (zinc -
aluminium), german silver, typewriter metal, spring brass and nickel silver [52, 57].
Among the alloys zinc-bromide and zinc-nickel power cells are commonly used in
batteries now.
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Figure 2.10: Zinc crystallographic unit cell showing the slip planes and tensile twin in the direction
of  1110 [18].
Figure 2.11: Schematic presentation of nature of twin development in zinc.
According to ASTM [57] specification, commercial use of zinc was divided into
two categories; as die cast parts and coatings for corrosion resistance. ASTM B86 series,
AG 40A and AG41A alloys are commonly used die-cast zinc alloys for industrial
applications. AG 40A alloys have excellent impact strength and good dimensional
stability. The AG41A alloy has better castability and higher strength. The main advantage
of zinc diecasting is that the casting operation is done at a very low temperature as
compared to other materialslike aluminium, magnesium and copper alloys. By this
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significant advantage zinc die castings are used in submerged plunger machines and give
long cavity life [59, 60].
Zinc coating is very popular in industries due to its very low corrosion rate [51, 52,
61]against the atmosphere. In the whole world more than 50% of zinc utilised for
corrosion resistance coatings [52] as shown in figure 2.12. In steel industries, zinc coatings
are used for protecting the steel from the atmospheric corrosion for many years. Zinc
coatings are also applied before a painting of many automobile body parts and in structural
parts [52].
Figure 2.12: Most of the useful industrial applications of zinc in different areas.
2.2 Introduction to Recrystallization Texture
When a cold deformed material is annealed, the deformed grains gets recovered,
recrystallized and then growth of the grains occurs. During the processes of
recrystallization and subsequent grain growth, the initial cold deformation texture will
change [62-65]. The texture so-formed is known as recrystallization texture or annealing
texture [62, 66]. The important factors which govern the recrystallization texture are;
initial grain size [67-70], alloying element [67,71-73], presence of precipitates/second
phase particles [74-77], deformation mode [63,67,78], strain rate [63,67,79,80] and the
deformation temperature [63,81]. Except the above parameters, there aresome other the
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factors which also control the recrystallization texture such as energy stored during
deformation [63,82-86], the orientation and the location of the new grains [63,87].
The initial grain size:Afiner initial grain accelerates the process of recrystallization
and recrystallization texture of the single crystal as well as polycrystalline materials [63,
67, 68, 88, 89]. According to C. S Barret [90], aluminium with finer initial grain size
recrystallizes fully on annealing at 350oC, which was 6.6 times as fast as coarse grained
aluminium. The size of original grain probably has significant effect on the rate of
nucleation, since boundaries of initial grains are the sites for recrystallization nuclei to
form. The stored energy of cold work, the driving force for recrystallization, is a function
of grain size has been presented by Clarebrough et.al.[88].Copper of two different grain
sizes was strained by various amounts and it was observed that the stored energy was
greater in the fine grained samples than in the coarse grained samples. Also, therelease of
stored energy wasmore rapid for fine grained samples than that for the coarse grained
samples. The occurrence of either higher nucleation rate for fine grains where the growth
rates are equal or a higher growth rate for fine grains when nucleation rates are constant
[91]. Bhattacharjee et. al. [68] reported on the recrystallization textures in high purity
nickel, showing significantly sharper cube texture in fine-grained starting material than in
the coarse-grained starting material. Duggan and Lee [89] proposed the effects of prior
grain size, rolling reduction and annealing temperature in 70:30 brass. After 92%
reduction in thickness and subsequent low temperature (300oC) annealing the texture of
material changed from the {236} <385> (figure 2.13a) to {110} <110> (figure 2.13b) due
to the increase in initial grain size. Whereas at high reductions and high temperature
(600oC) annealing led to the development of {113} <332> texture for small grain sized
specimens (figure 2.13c). But at low reductions the {110} <112> and more general {110}
<hkl> orientations were produced. For all grain sizes investigated (30–300 µm) the texture
of heavily rolled material was {236} <385> after annealing at 300oC, and {113}
<332>after annealing at 600oC. These results illustrate the importance of grain growth
effects on annealing textures.
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Figure 2.13: Effect of initial grain size on the recrystallization texture of 92% thickness reduction
and annealed brass material, (a) 30 mm grain size, 18 hr at 300oC, (b) 30 mm grain size, 18 hr at
300oC, (c) 30 mm grain size, 1 hr at 600oC [89].
The alloying element:The alloying additions strongly influence the rate of
recrystallization [71-73,92-94]. The effect is specially marked in high purity metals on
additions of only thousands or hundreds of an atomic percent of impurities. In less pure
metals, the effect of alloying additions is weaker. For instance, theaddition of few percent
of Mn, P and S to iron raises the temperature of recrystallization from 350oC to 500oC
[92]. The addition of Tein copper lowers the rate of recrystallization [92]. Unfortunately,
the available data on the separate effect of alloying additions on nucleation and growth are
very scarce and mainly relate to the kinetics of growth rate. An analysis of the kinetics of
growth of recrystallization nuclei in pure nickel and nickel alloyed shows that with
additions of allying elements can increase the activation energy of grain growth [92].
Lucke [93] explained the total effect of alloying additions on the rate of recrystallization
by their retarding effect on the growth of recrystallization nuclei. It is obvious that the
sharp increase of the incubation period is also associated with the redistribution of
dislocations during the formation of recrystallization nuclei. This is well confirmed by the
results of separate determination of the activation energies of nucleation and grain growth
in zone refined aluminium [94]. Minor additions of copper only slightly changed the rate
of growth and sharply decrease the rate of nucleation. The alloying elements have agreat
effect on the fcc materials as the recrystallization texture of pure copper (112) <111>
texture component changed to (011) <211> texture component after addition of the
alloying elements[95-98].Along with the major brass type (011) <211>texture component,
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the alloying elements has the other minor components are goss (011) <100> and copper
(112) <111> [95], as shown in figure 2.14. As the alloy content increases in copper, the
strong cube texture component diminishes [96-98]. Figure 2.15shows the rolling and
recrystallization texture components of Cu-1%P alloy, the transformation of brass texture
to the goss texture after recrystallization due to the addition of P as an element in copper
[99].
.
Figure 2.14: {111} pole figures of recrystallization texture componentsin rolled (a) aluminium, (b)
copper,and (c) brass (Cu-37%Zn)[95].
Figure 2.15: {001} pole figures of Cu-1%P alloy, shows the transformation of (a) {110} <112>
brass rolling texture to (b) {110} <001>goss texture after recrystallization [99].
Engler[97] reported on the effect of Mnas an alloying element in copper. With the
increase in Mn content in copper (figure 2.16), the presence of cube orientation decreases
and finally vanishes. After complete recrystallization, the Cu-4%Mn shows the cube
component, the Cu-8%Mn shows a small variation in cube orientation by {013}
(a) (b)
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<100>orientation and the Cu-16%Mn displays the complete alteration of cube texture and
goss texture component [97].
Figure 2.16: {111} pole figures of 97.5% rolled Cu-Mg alloys after complete recrystallization (a)
Cu-4%Mn (b) Cu-8%Mn (c) Cu-16%Mn [97].
The presence of precipitates/second phase particles: The second phase particles
already present in the structure before deformation also affects the development of the
recrystallization texture [63, 67, 74, 75]. In the annealing of a material containing second
phase particles, the interaction between precipitation and recrystallization controls the
annealing mechanism [91]. Figure 2.17 shows a schematic diagram of the interaction
between precipitation and recrystallization suggested by Hornbogen and Köster [75].
According to the figure 2.17, recrystallization occurs before precipitation at high
temperatures, whereas precipitation takes place before recrystallization at low
temperatures. Ryuet. al. [76] reported on the effect of precipitation on the evolution of
recrystallization textures in an AA 8011 aluminium alloy. By annealing at a temperature
of 275oC, precipitation took place before recrystallization. This resulteda weak
recrystallization texture consisting of {011}<122>, {001}<100>, and an RD rotated cube
{hkl}<001>, among which the strong {011}<122> orientation formed near the large FeAl3
particles and the {001} <122>orientation originated from the matrix was relatively weak.
On annealing at 350 and 500oC, the {001} <100>orientation developed strongly, while the
{011} <122>orientation was weak because the driving force for the recrystallization of the
matrix was higher than the dragging force of the precipitates.The development of
recrystallization texture has been studied in the 6000 series Al-Mg-Si alloys used for
automotive sheets with the effect of precipitation on recrystallization [77]. Coarse
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constituent particles size larger than 1micron accelerate recrystallization process by
enhancing particle stimulated nucleation (PSN) which leads to a very weak
recrystallization texture. On the other hand, recrystallization process is retarded or
completely inhibited by small (<1micron) and closely spaced particles [77].
Figure 2.17: Schematic diagram showing interaction between precipitation and recrystallization
[75].
The deformation mode: The mode of deformation also affects the recrystallization
rate [62, 63, 78]. Mode of deformation can determine the alignment of dislocations and
this subsequently determine the recrystallization texture developments of the materials
after annealing. Single crystals deformed in a single glide, recover on annealing, but may
not recrystallize because the dislocation structure does not contain the heterogeneities and
orientation gradients needed to provide a nucleation site [63]. The best examples of this
effect can befound in the hexagonal metals which deform by glide on the basal plane [63].
Wrobelet. al.[78] reported in his study on Cu and Cu-5%Al alloy that the recrystallization
kinetics depends on upon the change in direction of the plastic flow during deformation. In
copper with a changein the mode of deformation the crystallographic texture changes
whereasin Cu-5%Al alloy the crystallographic texture does not alter. The recrystallization
texture changed from (110) <001> to (100)  011 after changing the mode of
deformation in a copper single crystal.
The effect of strain rate on texture development has been studiedin a variety of
materials and deformation modes [63,67,100,101]. Increasing the strain rate during
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deformation stimulates the recrystallization process and hence affects the recrystallization
texture. The driving force for the process is provided by the high internal energy which is
associated with the deformation state. The effect of strain rate is exemplified by the classic
work of Rollettet. al.[63]. He reported on the development of texture in torsion and
reversed torsion. In his study, a weak shear texture component was observed during
change in net strain. Higginson et. al.[102] studied the effect of strain path in aluminium
by the combinations of free compression and plane strain compression, the strain path
changes in the direction of 0o, 90o, 120o and 180o. The starting material had a weak texture
component and the samples subjected to 0o and 180o strain path changes also showeda
weaktexture component after deformation, whereas in 90o and 120o strain path directed to
a strong ND-rotated cube texture component and somewhat weaker cube texture. In
anotherstudy Higginson et. al.[100] studied the development of texture as a function of
roll pass schedule on through thickness in two pass hot rolling of aluminium. To visualise
the difference in strain path some of the specimens were rolled by reversing the rolling
direction between the first and the second rolling pass (FR) while the rest of the sample
were rolled in the same direction in both passes (FF). There was a small textural
differencewas observed in the surface of the slab. The FF-sample exhibited stronger ND
rotated cube texture component as compared to the FR-sample. For the 10% and 50%
reduction in sample thickness, no considerable texture differences were observed. Table
2.2 shows the summary of rolling texture and recrystallization texture in an aluminium
alloy in five different ways [101]. (PS: plane strain texture; SH: shear texture; CUBE:
cube recrystallization texture; RND: random recrystallization texture, SYM: symmetrical
rolling; ASY: asymmetric rolling; L: lower contact ratio; H: higher contact ratio; WL: with
lubrication; WOL: without lubrication)
The deformation temperature: In the view of the effect of the deformation
temperature on the structure of the deformed materials it is to be accepted that the
recrystallization characteristics of deformed metals will vary with the deformation
temperature [63,103-105]. However, the number of specific quantitative investigations in
this aspect of recrystallization is somewhat limited. Gindenet. al. [103] studied the effect
of deformations in the range of 14% to 50% reduction in thickness at temperatures of -
269oC, -253oC, -196oC and 23oC on the recrystallization process in 99.98% pure copper.
They found that lowering the initial deformation temperature caused a decrease in both the
temperature and the effective overall activation energy at the start of the recrystallization.
[25]
Similar findings have also been reported for aluminium [104]. In addition, Gindenet. al.
[105] found that the largest recrystallized grain sizes occurred after low deformations at
room temperature and that increasing the strain, and simultaneously reducing the
deformation temperature which leads to a more uniformly distributed and finer grain size.
These results are consistent with the general findings that a reduction temperature leads to
an increase in the dislocation density, and strain energy with more uniform dislocation
distribution as compared to room temperature deformation.
Table 2.2: Effect of different strain states on the rolling and recrystallization textures of aluminium
alloy[101].
Rolling Texture Recrystallization Texture
s = −0.8 s = 0 s = +0.8 s = −0.8 s = 0 s = +0.8
SYM-L-WL PS PS CUBE CUBE
SYM-L-WOL PS SH CUBE RND
SYM-H-
WOL
PS SH CUBE RND
ASY-L-WOL SH SH SH RND RND RND
ASY-H-WOL SH SH SH RND RND RND
The stored energy is a most important driving force for recrystallization
microstructure and texture in metals [63,81-87,106]. The stored energy may include
energies due to vacancies, dislocations, grain boundaries, stacking faults and complex
interactions between them and surface energies. For a given deformation mode, grains of
different orientations are expected to develop microscopic defects at various rates. This
leads to the variation of stored energy as a function of crystallographic orientation.Shin et.
al. [107] reported the evolution of <100> preferred orientation as the recrystallization
texture in deformed silver wire specimens during annealing. The texture evolution during
recrystallization was a result of the release of the stored energy during deformation.
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Rajmohan et. al. [84] reported on the comparison between orientation dependent stored
the energy of cold rolled and stress relieved interstitial free steel and observedthat the
release of stored energy in -fibre seems to be more uniform than in the α-fibre as shown
in figure 2.18.
Figure 2.19 displays the variation of the critical recrystallization temperature as a
function of stored energy.This exhibits even for equally deformed samples.The
recrystallization activities still differ strongly from grain to grain, nucleation starts first in
grains with the highest stored energy [85]. Etteret. al. [82] reported on the influence of the
cold rollingreduction of stored energy in a Fe–53%Ni. This result proposes that the energy
gap between the cube and the other main orientations increases for a cold rolling reduction
greater than 80%. Such an increase promotes the cube orientation to grow faster during
recrystallization by supplying the necessary driving force for cube grain boundaries
migration into the surrounding matrix. For low reductions, no such energy gap change was
observed and all orientations can grow instantaneously. The stored energy also plays a
great role for the sharpness of the γ-fibre in Fe-steel sheet during recrystallization [108].
Figure 2.18: (a) ϕ2=45º section of stored energy distribution function of 80% cold rolled IF steel
(b) ϕ2=45o section of stored energy distribution function of 80% cold rolled and stress relieved at
600°C for 5 minutes IF steel [84].
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Figure 2.19: Variation of the critical recrystallization temperature as a function of stored energy
[82].
The orientation of grain and the position of the new grains are the main factors of
inhomogeneous recrystallization in the materials. This is because slip systems and strain
path which operate during deformation are dependent on crystallographic orientation. The
distribution and density of dislocations are also orientation dependent. Therefore,
availability and feasibility of nucleation sites and growth rate of recrystallizing grains
depend strongly on the orientation of grains [63]. The initial orientation and the
‘orientation path’ during deformation will affect the nucleation of grains inthe deformed
matrix. Ferranet. al. [87] anticipated the effect of orientation of the new grains on the
recrystallization texture of aluminium. The orientation nucleation was gained from the
orientation relationships found between the new grains and surrounding matrix. In which
there was a tendency for the rotation axis to lie closer to <111> or <100> than the rotation
axis of a random polycrystal. Moreover, a tendency for rotation angles to have lower
values than the rotation angles for a random polycrystal.
2.2.1 Theories of Recrystallization Texture
The evolutions of recrystallization texture in the metals are followed up profusely
by two theories [64] i.e. the theory of oriented nucleation (ON) (provided by Burgers and
Louwerse in 1931) and theory of orientated growth (OG) (provided by Barret in 1940 and
Beck in 1954). The theory of oriented nucleation (ON) claims the origin of the
recrystallized texture is in the preferred nucleation of deformed matrix. Whereas, the
theory of oriented growth (OG) claims that, the source of the final texture lies in the
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preferred growth of particular nuclei of a more or less random initial distribution of
deformed matrix.
2.2.1.1Theory of Oriented Nucleation (ON)
According to ON theory, orientation is determined directly at the stage of
formation of recrystallization nuclei as subgrains of a definite orientation which grow
more perfectly during recovery before recrystallization. Burgers and Louwersehavebeen
developed the oriented nucleation theory working on the compressed single crystal
aluminum specimen. He concluded that on annealing a deformed crystal, the nuclei of the
recrystallized grains have developed from the most heavily deformed grains which are
already present in the deformed matrix [109-112]. The theory of orientated nucleation
gives the useful information where deformation texture changes to a qualitative identical
recrystallization texture. For example,the evolution ofgoss recrystallization texture in Fe-
Si steel and cube recrystallization texture in aluminum [110-112].
Beck and Sperry [113] reported on nucleation mechanism through migration of
pre-exiting high angle grain boundaries. Their observations based on optical microscopy
and later Bailey [114-116] studied with transmission electron microscopy in Cu, Ni, Au,
Ag and Al. In all these studies, the deformation of metals were less than 40%. This
mechanism takes into account the migration of a pre-existing high angle grain boundary
towards the center of a more highly strained grains [117] as shown in figure 2.20. The
migration of a pre-existing high angle grain boundary was happened due to the favourable
energy balance between the reduction of stored energy during the removal of defects
initiated by the passage of the boundary, and the increase in total grain boundary surface
during bulging [116].
Figure 2.20: Schematic representation of nucleation by migration of boundaries induced by
deformation [117].
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2.2.1.2Theory of Orientated Growth (OG)
Barret[117] proposed that the evolution of recrystallization texture can be
determined from the original orientation of the nuclei having the maximum growth in the
deformed matrix. By this theory, it was confirmed that the development of
recrystallization texture was associated with the grain boundary rotation. This theory is
more successful than oriented nucleation theory. Later in 1966 by Beck and Hu [118] and
in 1974 by Luke [119] confirmed that the evolution of cube texture component after
recrystallization is formed by rotation of 40˚ about <111> axis[120,121]. With the help of
this theory, the suggestion for the movement of the grain boundaries with the definite
orientation relationships was established, and it concludes that the orientation of the
recrystallization texture is separated from deformation texture differed by rotation of 30o
to 40o about a common axis [122]. That is why the recrystallization texture in fcc metals
differ by a rotation of 30o to 40o about <111> axes (figure 2.21), for bcc metals 30o about
<110> axes and 30o about <0001> axes for hcp metals.
Figure 2.21: Rotations associated with nucleated grains and the deformed matrix of aluminium
single crystal [122].
(●) <111> poles of new grains
close to a 40o ]111[ relationship
(+)<111> poles of new grains close
to a 40o ]111[ relationship
(○) Ideal orientation for 40o ]111[
clockwise rotations
(Δ) Ideal orientation for 40o ]111[
anticlockwise rotations
(□) Ideal orientation for 40o ]111[
anticlockwise rotations
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2.3 Recrystallization Texture Developments in HCP Metals
2.3.1 Recrystallization Texture of Titanium
The development of recrystallization texture in commercially pure titanium after
cold rolling has been studied by number of authors [124-138]. The recrystallization texture
component is directly depends upon the rate of deformation and annealing temperature.
According to the annealing temperature, recrystallization texture components are divided
into three categories [133]. When the annealing temperature is less than or equal to 500ºC,
therecrystallization texture components are )1512(  0112 and (0001)  0110 , ± 30º
of transverse direction (TD) splitting which is similar to the rolling texture components. If
the annealing temperature is in between 500ºC to 700ºC, the complete recrystallization of
the crystals with grain growth starts to occur. The recrystallization texture components in
this temperature range are (0001)  0112 and (0001)  0110 , ±30º to TD. There will
be grain growth if the annealing temperature is greater than 700ºC, and the
recrystallization texture components are either )3110(  0112 or )0252(  0112 and
these are the components of (0001)  0312
,
±30º to TD orientation [133]. It is known
that the texture component )0131(  1021 is recrystallization texture component which
develops from cold rolled texture component )1152(  1010 through 30º rotation about
c-axis. The resulting recrystallization texture component )0131(  1021 has centered on
{ϕ1 =0o, Φ=35o, ϕ2 =30o} angles in the Euler space [138]. Figure 2.22 shows a schematic
representation of cold rolled and recrystallized texture components in a rolled titanium
sheet.
Bozzoloet. al. [125] reported the development of recrystallization texture
component due to grain growth in 80% cold rolled cp-titanium sheet. The development of
recrystallization texture during annealing was done in two stages; the first one was due to
primary recrystallization and the second one was due to grain growth. During primary
recrystallization the texture developed was nearly equal to the deformed texture i.e. close
to {ϕ1=0o, Φ=35o, ϕ2=0o} and during secondary recrystallization main recrystallization
texture component hasdeveloped due to grain growth and the orientation was nearly
centered around {ϕ1=0o, Φ=35o, ϕ2= 30o} by 30º misorientation angle from primary
recrystallization orientation. Figure 2.23 shows ODF at ϕ1=0osections with increasing
mean grain size.
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Figure 2.22: Cold rolled texture component and recrystallized texture component of a titanium
rolled sheet [139].
Jing et. al. [130] studied the development of recrystallization texture of cp-titanium
in two cases; in the firstcase, development of recrystallization texture is done in hot rolled
plate and in the second case, the development of recrystallization texture in cold rolled
Figure 2.23: Shows the ϕ1 =0o ODF sections, (a-e) difference in mean grain
size corresponding to annealing temperature, and (f-h) change in primary
recrystallization texture component to secondary recrystallization texture
component [125].
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plate. In both the cases the recrystallization texture form with the basal pole tilted 30º - 40º
away from normal direction towards transverse direction.After annealing, main
recrystallization texture component )3110(  0325 getting stronger with increase in
annealing time and at the same time, the )5211(  3211 cold rolled texture component
diminishes which is in line with the findings of Bozzolo et. a.l [125]. The initial hot rolled
texture were, pyramidal texture )0131(  0325 and )0212(  5110 , basal texture
(0001)  0112 and stronger prism texture )0211( <0001>.After annealing at 500ºC for
30 min, the )0212(  5110 texture componentdiminishes, and development of )0131(
 1021 and )5211(  3211 new textures components were found in the initial hot-
rolled plate. After cold rolling with a reduction of 60%, the most common )5211(
 0011 cold-rolled texture component was developed with a higher strength. In the case
of annealing at 700ºC for 30 min, the recrystallization texture component )0131(  1021
was developed by inheriting the cold-rolled texture component. Again if the soaking time
was increased (700ºC for 60 min), the recrystallization texture component )0131(
 1021 strengthens by consuming the cold-rolled texture componentof )5211(  0011
.
Zhu et. al. [138] also reported the evolution of common )0131(  1021
recrystallization texture component by consuming the cold rolling texture component
)1152(  1010 through 30º rotation about c-axis. The cp-titanium sheets are processed
under normal cold rolling, annealing, hot rolling, cross rolling and phase transformation.
The recrystallization texture component in low alloyed titanium (T40) [140] sheets was
centred around {ϕ1=0o, Φ=30o, ϕ2=30o} due to primary recrystallization and {ϕ1 =0o,
Φ=45o, ϕ2 =0o} due to complete recrystallization. Inoue and Inakazu [141] reported on the
development of recrystallization texture at low and high-temperature annealing of pure
titanium. The )0131(  0312 recrystallization texture component was developed during
recrystallization of both straight and cross rolled pure titanium samples. For low-
temperatureannealing, the recrystallization texture developed was different for both the
samples. The )5202(  0321 recrystallization texture component was found in
unidirectionally rolled sample while the cross rolled sample retains the initial rolling
texture component.
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2.3.2 Recrystallization Texture of Zirconium
Vanithaet. al. [142]has reported on the development of recrystallization texture in
single phase zircaloy 2 (figure 2.24 and figure 2.25). The origin of evolution of
recrystallization texture has been categorised into three ways; one is due to strain
localizations at the early stage of recrystallization about 10 – 20% recrystallization of
grains. Second is due to deformed bands at the intermediate stage of annealing about 50 –
55% recrystallization of grains and lastly due to the recovering grains at the final stage of
recrystallization about 85% of recrystallized. The development of texture due to strain
localizations has equiaxed grains, smaller size, and strong textures. The recrystallized
grains are orientated about 45oand 60oto the rolling direction. The grain orientations have
filled with the negative textural softening. The texture developed due to deformed bands
has random orientations, large grain size, and high aspect ratio and this texture component
was developed due to the effect of orientation pinning. At the third stage of
recrystallization, the development of texture was insignificant; these orientations were
characterized by positive textural softening.
Figure 2.24: ODFs of 40% deformed material after recrystallization annealing at 710oC and for (a)
12 min, (b) 24 min, (c) 48 min and (d) 60 min [142].
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Figure 2.25: ODFs of 60% deformed material after recrystallization annealing at 710ºC and for
(a) 12 min, (b) 24 min, (c) 48 min and (d) 60 min [142].
The evolution of recrystallization texture in low alloyed zirconium (Zr702) was
studied after three different cold rolling reductions (SR- simple rolling, TR- transverse
rolling, CR- cross rolling) [143]. The texture evolutions due to primary recrystallization in
these cases are relatively different from each other (figure 2.26). These differences in
recrystallization texture were due to the effect of local deformation structure and sharpness
of deformation texture. Dewobrotoet. al. [144] investigated the mechanism of
recrystallization texture development in a low alloyed zirconium (Zr702). The mechanism
associated with the development of recrystallization texture is mainly during grain growth,
and the recrystallized component was centred around {ϕ1=0o, Φ=30o, ϕ2=30o}. During the
primary stage of annealing, the initial deformation texture characteristics were retained.
Texture development in Zr-1.0Nb [145] alloy sheet during cold rolling and
subsequent annealing was centred on ϕ2 = 30o with the orientation component of {0001}
 0110 fibre. The intensity of the texture component increased with increase in rolling
reductions and annealing temperature. The principal mechanism related to the
development of recrystallization texture was the mobility and the formation of high angle
grain boundaries (HAGB). The main driving force for the development of the
[35]
recrystallization texture in Zr – 2Hf alloy is the difference in stored energy from
deformation to recrystallization [146]. The mechanisms associated with the evolution of
recrystallization texture areoriented nucleation and grain growth theory. For the rolling
reductions 50% - 90% there were two partial fibre orientations called; deformation fibre
(Df) = {hkil}  0110 and recrystallization fibre (Rf) = {hkil}  0211 and two main
orientations called ‘tilted’ {0001}  0110 and ‘tilted’ {0001}  0211 texture
components were developed. The basal poles {0001} were nearly 25o away from the
specimen normal direction (figure 2.27 and figure 2.28). After primary recrystallization
and grain growth the intensity of the recrystallization fibre increases and at the same time
the intensity of the deformation fibre decreases.
Figure 2.26: ODF figure atϕ1=0osection shows the change in texture development during
deformation and recrystallization for three different cases [143].
[36]
Figure 2.27: {0001} }0110{ and }0211{ pole figures of  50% deformed Zr – 2Hf alloy after
recrystallization at 530oC for (a) 4 min, (b) 8 min, and (c) 180 min [146].
Figure 2.28: {0001} }0110{ and }0211{ pole figures of 90% deformed Zr – 2Hf alloy after
recrystallization at 530oC for (a) 4 min, (b) 16 min and (c) 180 min [146].
The recrystallization texture in alpha zirconium (α-Zr) tubes was the
predominantly }0211{  0110 component. The misorientation angle between deformed
orientation and recrystallized orientation grains depends on the annealing temperature and
increases from 20° to 30° when passing from annealing temperature of 580°C to 600°C
[147]. Perlovich [147] reported on the development of recrystallization texture in tube and
sheet of α-Zr. The recrystallized texture is the well-defined (0001) component in the
direction of  0321 and  0211 . This recrystallization texture developed by the
rotation of the basal axis about 30º to the deformed matrix. The rotation of the deformed
[37]
matrix after recrystallization of α-Zr is due to the favored contribution of prismatic slip in
its plastic deformation.
Hirwarkaret. al. [148] studied the recrystallization texture and the mechanisms
responsible for recrystallization in piligeredZircaloy – 4. Preferred nucleation and grain
inhibition/pinning arethe mechanisms accountable for the recrystallization. While the
former is active in the highly deformed region where stored energy is high, grain
inhibition occurs in the non-deforming region and stimulates primary recrystallization.
2.3.3 Recrystallization Texture of Magnesium
In magnesium, generally basal texture component was reported due to the easy
accommodation of basal slip systems [149-156]. The recrystallization texture of pure
magnesium during symmetric and asymmetric rolling was conveyed by Beausiret.al.[157].
Basal texture component (0002) parallel to normal direction was the dominant texture
component in symmetric rolling samples whilein the asymmetric rolling samples the basal
texture component was rotated by 5-10oanticlockwise from normal direction (figure 2.29).
Dynamic recrystallization process was the main factor in the evolution of recrystallization
texture component for both the samples.
Figure 2.30 shows the initial texture of AZ31 magnesium alloy. A strong basal
fibre texture component for recrystallized sheet and random texture for squeeze cast bar
were observed [149]. The texture component was centred on ±15orotation of basal pole
from the normal direction to rolling direction. Perez-Prado et. al. [150] have reported the
development of homogeneousprismatic }0211{ recrystallization texture component in
magnesium AZ31 for the first time. The texture was measured through thickness gradient
for AZ31 material. The basal texture component was present on the outer-surface, and
}0211{ prismatic texture component was observed in mid-layer of the sheet, as shown in
figure 2.31.
[38]
Figure 2.29: Experimental and simulated pole figures of pure magnesium sheets annealed at, room
temperature (RT), 200oC, 350oC (a) asymmetric rolling (ASR), (b) symmetric rolling (SR) [153].
[39]
Figure 2.30: The initial texture of AZ31 (a) recrystallized sheet and (b) squeeze-cast bar. The cold
rolling texture of (c) recrystallized sheet and (d) squeeze cast bar [149].
Figure 2.31: Shows the pole figures of mid-layer and the outer surface of the AZ31 alloy sheet
annealed at 520oC for 3hours [150].
[40]
Huanget. al. [154] reveal the development of double peak type texture formation
with the basal planes tilted towards the rolling direction due to the activation of both basal
and pyramidal  slip systems duringto cold rolling (figure 2.32). Basal slip system was
activated during hot rolling of AZ31 magnesium alloy. The basal texture (0002)
component was the predominant during cold rolling and hot rolling.It is also revealed that
annealing hadno major effect on the texture evolution.
Figure 2.32: (0002), )0110( and )2110( pole figures of both cold-rolled and annealing samples
(300oC for 120 min after cold rolling) [154].
Cold roll Annealing
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Barnett et. al.[155] studied the characterization of texture evolution of pure
magnesium, Mg-3Al-1Zn, and Mg-0.2Ce magnesium alloy. The basal texture component
was developed in all the samples (figure 2.33), while there was a significant increase in
texture sharpness in Mg-0.2Ce magnesium alloy as compared to pure magnesium and Mg-
3Al-1Zn alloy. The recrystallization texture of hot rolled pure magnesium sheets at a
temperature below 230oC and above 230oC has been studied by Qiao et. al. [156]. When
the pure magnesium sheet hot rolled below 230oC, the deformation texture with the basal
plane (0001) perpendicular to the sheetplanes and the  0110 direction parallel to the
rolling direction has been observed due to incomplete dynamic recrystallization. However,
when the sheet was hot rolled above 230oC the dynamic recrystallization hascompleted
and the {0001}  0211 texture was observedas shown in figure 2.34.
Figure 2.33: Hot rolling (h.r) and cold rolling (c.r) pole figure (0001) of pure magnesium, Mg-3Al-
1Zn, and Mg-0.2Ce [155].
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Figure 2.34: {0002} pole figures of AZ31 magnesium alloy with different rolling temperature (a)
180oC, (b) 210oC, (c) 230oC, (d) 240oC, (e) 250 oC [156].
Yue et. al. [158] infer that a strong wire texture was observed in AZ31 magnesium
alloy perpendicular to compression axis due to dynamic recrystallization process. This
texture component exists even after full annealing at high temperatures as shown in figure
2.35. He also studied the static recrystallization process in AZ31 magnesium alloy during
isothermal annealing. A strong texture nearer to (0001) was developed, compared with
those near )0110( or )0211( plane. The development of recrystallization texture was
mainly controlled by grain growth without any change in texture.
Figure 2.35: Inverse pole figures of AZ31 magnesium alloy (a) deformed at a strain rate of 1.2 and
annealed at 573K, (b) deformed at a strain rate of 1and annealed at 473K, (c) deformed at a strain
rate of 1 and annealed at 673K [158].
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The figure 2.36 shows the development of textural components during hot rolling
of AZ31 magnesium alloy at different strain rates. A strong basal {0002}  0110 type
texture was observed at low strain rates and c-axis of recrystallized grains tilts from the
normal direction to the rolling direction. The double peak type basal texture was seenin the
recrystallized grains with an increase in strain rate. At high strain rate, the intensity of
basal {0002}  0110 texture was decreased. A double-peak type basal texture was
identified from the {0002} pole figure. The two peaks are tilted towards RD and the
opposite direction of RD respectively [159].
Figure 2.36: {0002}, }0110{ and }0211{ pole figures of hot rolled AZ31 magnesium alloy (a)
20% rolled, (b) 30% rolled, (c) 50% rolled [159].
Chao et. al. [160] observed a double-peak type basal texture and the basal pole was
titled about ±10° to the normal direction of the (0002)  0110 orientation, which is in
line with the findings of Feiet. al. [159]. With the increase in annealing time and
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temperature, a new texture component was found in the  0211 direction parallel to the
drawing plane and the intensity of the new texture component has increased with the
extensiveness of recrystallization.
Li et. al.[161] reported on the texture and micro-texture evolution in ME20
magnesium alloy and the role of slip and twinning during hot rolling of differently
orientated samples. A consistent basal texture persisted during all stages of deformation.
At low strain rates the texture was a combination of two components: the initial prismatic
texture component }2312{  2211 and a new off-basal component }1110{  0110 .
For medium to high strain rate, the basal texture and the basal pole elongates towards
rolling direction as shown in figure 2.37.
Figure 2.37: {0002} pole figures of hot rolled ME20 magnesium alloy at different rolling
reductions for (a) type-1 sample, (b) type-2 sample, and (c) type-3 sample [161].
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2.3.4 Recrystallization Texture of Zinc
The crystallographic texture component developed in zinc sheets is c-axis 15o-20o
tilted away from normal direction towards rolling direction in both deformed and annealed
conditions [162-167]. Some researchers also reported basal fibre component as the main
texture component in zinc sheets [67]. Phillip et. al. [162] were the first to report on the
development of deformation texture and recrystallization texture of zinc-copper-titanium
and zinc-copper alloys. The development of two new fibre components centred at ф1= 90o,
Ф= 90o, ф2= 30o,and ф1= 270o, Ф= 90o, ф2= 30owith c-axis 20o away from ND towards
RD.Figure 2.38 shows the development of texture during cold rolling of zinc-copper-
titanium alloy and zinc – copper alloy [162]. The pole figure shows two peaks with c-axis
at 20o to ND in the ND-RD plane and two peaks with c-axis in RD. After the cold rolling
of 80% reduction, the texture component observed was c-axis in RD and was developed
due to the activation of pyramidal slip (pyramidal <c+a>) and/or }2110{ twinning
mechanism. After the completion of primary recrystallization, the intensity of the cold
rolling texture component along the c – axis towards RD was reduced (figure 2.39a). The
cold rolling texture component in Zn-Cu alloy hadtwo peaks only, along the c-axis at 30o
to ND in the ND-RD plane (figure 2.39b).
The change in the crystallographic texture of polycrystalline zinc during
deformation and recrystallization were studied by Solaset.al. [163]. After the deformation
process at 125°C, the texture component was developed around the c-axis and tends to be
oriented along the compression direction (i.e. the ND), but there are also some secondary
grains orientated around c-axis close to the TD (figure 2.40a). The basal component close
to the ND is rotated about 20° towards the RD. The }0110{ pole figure shows the uniform
distribution of oriented grains in the RD-TD plane (figure 2.40b). After complete
recrystallization, it has been observed that the basal component near the TD was vanished
(figure 2.40c), whereas the change in texture of the prismatic pole was insignificant (figure
2.40d). During the recrystallization process the grains with the c-axis close to the TD
vanishes.
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Figure 2.38: Pole and ODF figure of 80% cold rolled ZnCuTi alloy; (a) (0002) pole figure (b)
(0001) pole figure and (c) ODF figure with ф1= constant [162].
Figure 2.39: (0002) pole figures of (a) ZnCuTi recrystallized for 10 min at 80oC after 80% cold
roll (b) ZnCu alloy after 80% cold roll reduction [162].
[47]
Figure 2.40: {0002} and }0110{ pole figures of the deformed and recrystallized zinc [163].
2.4 Orientation Dependant Mechanical Properties of HCP
Metals
It has been well accepted that ‘many material properties are texture specific’
[168,169]. In fact, it has been found that, in many cases, 20% – 50% values of the material
properties are dependent on the texture of the material [169]. In the present study the
orientation or texture dependent mechanical properties of hexagonal metals (CP-titanium
and magnesium) has been investigated owing to that fact that hexagonal materials are
inherently anisotropic [168-171]. In this section, the available literature on the mechanical
properties of hexagonal materials pertaining to their texture or orientation has been
discussed.
Hexagonal metals have fewer easy glide systems than cubic metals and possess
greater crystal anisotropy [168-174]with more potential for texture strengthening. So
texture control in hexagonal materials is more important in recent years [175]. Attempts
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have been made to improve the mechanical properties of hexagonal metals by controlling
the texture [169,170,175-180].
Zhu et. al. [178] investigated the relationship between texture control processes
and mechanical properties in titanium sheets processed by cold rolling, cross rolling and
phase transformation. Their results showed that after cold rolling and annealing, titanium
sheet exhibits a strong anisotropy of mechanical properties due to the development of
sharper )1152(  1010 and )3110(  1021 pyramidal textures. During cross-rolling
processes, a basal type texture or a near basal type texture was developed. The phase
transformation process proved to be the best texture control process by which the ]1102[
and ]1172[ parallel to ND fibre textures were formed and the isotropic planar mechanical
properties are achieved.
In pure titanium single crystals, Young's modulus and shear modulus decreases
with increase in deviation from the basal orientation [176,178]. Lutjering et. al.[11] also
obtained similar results for polycrystalline titanium. Nasiri-Abarbekohet. al. [181,182]
reported on the nature of basal texture and its effect on the fracture mechanism in cp-
titanium. In cp-titanium, at low deformation rate a split-basal texture was observed (figure
2.41) which modified the fracture mechanism from dimple fracture in the transverse-
directed specimen to intergranular fracture in the rolling-directed specimen as shown in
figure 2.42 [181]. By increasing the deformation rate to 50% displayed a strong basal
texture and decreased the tensile and tear properties of the sample. At high levels of
deformation (>50%) the split distribution of basal texture redeveloped and anisotropy in
the sample was observed again. Similarly, the phase transformation in cp-titanium was
also observed by the same author. A randomly distributed widmannstatten microstructure
was observed and the basal planes were alignedin the transverse direction [182]. This
texture component changes the fracture mechanism from semi-ductile fracture to brittle
intergranular fracture.
Several authors reported on the orientation dependent hardness of cp – titanium as
well as for titanium alloys [183-187] and have found that hexagonal titanium holds the
highest hardness in basal orientations as compared to non-basal orientations as shown in
figure 2.43. Figure 2.44displays the variation of the hardness of Ti-6Al-4V as a function of
orientation, the basal orientation shows highest hardness and the hardness value decreases
with increase in deviation from the basalorientation. The elastic modulus is isotropic in the
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basal plane, and it varies with the angle around an axis lying in the (0001) plane. It is
already reportedthat the basal orientation has ∼1.5 time higher directional modulus than
the non-basal orientations.
Figure 2.41: (0002) pole figure of (a) as received specimen and (b) annealed specimen [181].
Figure 2.42: SEM micrographs of tear fracture surface (a) RD (rolling direction) sample, and (b)
TD (transverse direction) sample [181].
[50]
Figure 2.43: Inverse pole figure shows the orientation dependent hardness in commercially pure
titanium sample. Hardness varies from 2.73 GPa for indentation parallel to basal plane (shown in
white) to 1.34GPa for indents normal to basal plane (shown in black) [187].
Figure 2.44: Inverse pole figure showing the hardness of individual grains/orientations in a
decreasing order from basal to non-basal orientations [185].
Bache and Evans [188] reported that a highly textured unidirectional rolled Ti-6Al-
4V sheet exhibits higher ultimate tensile strength and yield strength when loading in the
transverse orientation i.e. loading perpendicular to the basal plane. However, the fatigue
strength of Ti-6Al-4V sheets was greater when the load was applied to the longitudinal
orientation i.e. loading parallel to the basal plane due to the stress relaxation is
encouraged. Figure 2.45 and figure 2.46 shows the strength, ductility and the fracture
strength of Ti-6Al-4V sheets in the transverse orientation loading and longitudinal
orientation loading. The strength and ductility were improved due to the activation of slip
systems on different orientations. The variation in fatigue strength was due to the change
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of stress relaxation during cyclic loading parallel to the longitudinal direction as a result of
the preferential arrangement of }0110{ prismatic planes.
Figure 2.45: (a) Stress–strain curves for specimens orientated parallel to the longitudinal transverse
plate rolling directions and (b) Ductility bend tests for specimens orientated parallel to the
longitudinal and transverse plate rolling directions [188].
Figure 2.46: Longitudinal (top) and transverse (bottom) specimens after bend testing [188].
[52]
Magnesiumwas found to besoft when tested in tension along c-axis with twinning
and hard in compression without twinning [189-191]. On the other hand, magnesium
possess high strength when tensile force lying in the basal plane. So, the knowledge of
active deformation modes allows us to determine the optimum conditions for texture
strengthening in magnesium. For example in extruded magnesium alloys, the  0110
directions are parallel to the extrusion direction (ED), and this deliberates high tensile
strength along the ED although with low compressive strength [192].
Barnet et.al. [191] studied the evolution of hot-working flow stress of AZ31
magnesium alloy with strain during channel die compression. Three differently oriented
channel die compression was done such as the “c-axis compression”, “c-axis extension”,
and “c-axis constraint” conditions as shown in figure 2.47. The influence of orientation on
the flow stress is shown in figure 2.48. The main difference of flow stress orientation at
low strain is due to the restricted number of slip systems available in magnesium. At room
temperature slip in magnesium occurs predominantly by basal slip, while prismatic and
pyramidal slip becomes more noticeable with increase in temperature. Twinning also
readily activated on }2110{  1110 system. When deformation occurs in the condition
of c-axis constraint, the prismatic <a> slip systems will be favourable in this orientation
and results in the low flow stress and low strain hardening rate. When deformation
happens in the condition of c-axis compression, the prismatic <a> slip systems will be
difficult to activate in this orientation, and hence the deformation is mainly activated by
the pyramidal }2211{  3211 slip system and will result in the high flow stress and high
strain hardening rate. When deformation occurs in the condition of c-axis extension, the
prismatic <a> slip systems will be unfavourable to activate and the pyramidal }2211{
 3211 slip system and twinning on the }2110{  1110 system plays the major role to
bring the c-axis alignment with the plate normal and compression will then become the
principal deformation mode, so moderate flow stress and strain hardening rate can be
achieved.
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Figure 2.47: Orientation of the AZ31 Mg samples with texture reference frame under: (a)
c- axis compression; (b) c-axis extension; and (c) c-axis constraint [189].
Figure 2.48: Flow stress–Equivalent strain curves of the AZ31 Mg alloy tensile tested at
300oC and 0.3 s-1 [189].
Yuan et. al. [193] reported a strong crystallographic orientation along ED ||
 0110 direction in the as-extruded Mg–5Zn–1Mn alloy. This shows higher yield
strength and tensile strength in the ED and exhibits higher ductility and thermal
conductivity in the transverse direction. The variation of mechanical response in ED is due
to the orientation and activation of slip systems. As the spread of the basal orientation was
observed towards ED and most of the grains parallel to ED and also the Schmidt factor of
crystals in this direction is close to zero. As a result, the basal slip system is tough to
activate for which the strength increases in this direction. In the TD, a prominent basal
texture was observed.It decreases the ductility and the deformation turn out to be
inhomogeneous and is ruled by the formation of shear bands.
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Zhang et. al. [194] reported that with the weakening of the basal texture, the
elongation was interestingly increased over 64% in Mg–Y–Nd–Zr alloy as shown in figure
2.49. Also in AZ31 alloy with the weakening of basal fibre texture the tensile strength and
elongation increases [192] as shown in figure 2.50. Serebryany et. al. [195] reported on
the correlation of crystallographic texture and strength of hot compressed Mg-Y-Gd-Zr
alloy. With the weak basal and prismatic texture, the alloy possesses higher strength at
room temperature and irregularity of the yield stress during tension and compression.
Conventional wrought magnesium alloys also possess asymmetry in the yield strength of
basal planes. The yield strength in tension is higher than that in compression [196].
However, ductility can be higher when the basal plane is oriented at 45° to the applied
stress direction due to the easily activation of basal dislocations [190].
Figure 2.49: Effect of heat treatment on typical engineering stress–strain curves tensile tested at
room temperature for Mg–Y–Nd–Zr alloy, after hot deformation to ε=1.5 at various temperatures
from 410 to 500 oC [194].
Like hexagonal titanium, magnesium possesses high hardness at the basal
orientation than compared to non-basal orientations and hardness also increases with
increase in the rate of deformation (figures 2.51 and 2.52) [197]. Guang-sheng et. al. [198]
proposed that the mechanical properties of the AZ31 magnesium alloy can be improved by
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processing through repeatedly unidirectional bending (RUB) with the basal texture
component. The AZ31 sheets experiencing RUB at room temperature and subsequent
annealing at 533 K shows optimum mechanical properties. Whereas RUB at medium to
high temperature and subsequent annealing at 533 K possess low yield strength and
fracture elongation.
Figure 2.50: {0001} pole figure and inverse pole figures showing the orientation of differently
strained samples, (a) Scheme1 (b) Scheme2 (c) Scheme3 and (d) Stress-Strain curves of three
schemes [192].
Figure 2.51: (a) Showing the hardness of individual grains/orientation in [0001] inverse pole
figure, (b) orientations of the grains in hot rolled pure magnesium sheet [197].
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Figure 2.52: Showing indentation hardness as a function of tensile deformation [197].
Agnew et. al. [199] studied the relationship between mechanical properties and
texture evolution of AZ31B alloy. The mechanical property such as ductility was
increased with the rise in temperature and was accompanied by a decrease in the flow
stress. Also, an increase in strain rate sensitivity and reduction in normal anisotropy was
observed. This change in anisotropy was perceived due to activation of non-basal <c+a>
slip and tensile twinning during deformation. The texture observed during this study was
the basal component rotated away from the compression axis by ∼20°, by which the
compressive ductility dramatically increases over the tensile ductility. Foley et. al. [200]
reported that by controlling the texture through step-down equal channel angular extrusion
(ECAE) processing the mechanical properties can be modified as shown in figure 2.53.
The result shows that the highest tensile strength is observed in the flow direction (FD)
and lowest tensile strength in the longitudinal direction (LD).
[57]
Figure 2.53: (0002) pole figures for (a) the hot-rolled and annealed AZ31B Mg alloy recorded on
the rolling plane and (b) the ECAE processed sample taken on the flow plane. Directional arrow
colours correspond with the different orientations and compression curves in (c) FD (flow
direction); LD (longitudinal direction); ED (extrusion direction) [200].
The mechanical properties of zinc such as bendability, creep, hardness, and
cracking are directly linked to the preferred orientation [162,165-167,170,201-203]. The
rolled zinc sheets show excellent bendability and creep behaviour with the basal
orientation deviate 20o away from the ND towards RD [162,165,167,170,201]. Zhang et.
al. [167] observed that in ZnCuTi alloy the mechanical properties such as the bendability
behaviour at low temperature was improved by the evolution of favourable orientation
when processed through asymmetric rolling. Vincent et. al. [201] reported that bendability
and cracking behaviour can be enhanced by the asymmetric skin-pass rolling with the
favourable orientation. The bendability and creep behaviour are improved by the evolution
of the sharper basal texture 20o away from the ND towards RD but at the same time, the
yield strength can be decreased when processed through reverse shear loading [204]. Pure
zinc processed through high-pressure torsion (HPT) displays very high strength and
excellent ductility along the in-plane direction due to the activation of non-basal slip
systems (figure 2.54) [166]. Several authors reported the effect of preferred orientation on
the hardness of zinc deposits, and they investigated that prism texture component offers
highest hardness [202-205]. Saberet. al. [202] proposed the highest hardness values of
nanocrystalline zinc when the preferred orientation of the zinc deposits was the prismatic
)0211( texture.
[58]
Figure 2.54: Stress–strain curves corresponding to pure Zn tested in tension at room temperature
and 3Х10-3S-1before and after processing by HPT. In as-received material the tensile axis is
perpendicular to the extrusion direction and in the HPT-processedspecimens, it is perpendicular to
the disk normal [166].
[59]
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Chapter 3
Experimental Details
3.1 Commercially Pure Titanium
3.1.1 Material and Sample Preparation
CP-titanium (grade-2) plates of 5 mm thickness were used as the starting material
for the present investigation. The composition (in wt. %) of these plates is as follows: Fe =
0.034, C = 0.004, N = 0.004, H = 0.004, O = 0.134 and Ti = 99.82.These plates were
subjected to rolling, ARB and cross-rolling respectively in a laboratory rolling mill. Both
rolling and cross-rolling were carried out up to 90% reduction in thickness at a true strain
of 5% in each pass. Some rolled sheets were annealed at 700oC for subsequent ARB
processing. The ARB process consists of cutting, stacking and rolling of sheets [1, 2]. The
annealed sheet was first cut into two-halves, and then wire-brushed and cleaned with
acetone and finally tied to the other by a metallic wire. The tied bunch of plates was then
cold rolled to 50% reduction in thickness. In the present investigation, the ARB processing
was repeated for six times1.
Samples of 10 mm length × 5 mm width were prepared from different sheets. The
samples were annealed at 600ºC for different soaking time (0.17 min (10 sec), 0.33 min
(20 sec), 0.50 min (30 sec), 1 min, 1.5 min, 2 min, 5 min, 10 min and 30 min) followed by
air cooling. The temperature of annealing was decided from an isochronal annealing,
which was carried out at 500, 600 and 700oC for 1hr, on different cold rolled (i.e. rolled,
ARB processed and cross-rolled) cp-titanium plates. It was observed that the samples are
fully recrystallized at 600oC of annealing.
From the cold rolled and annealed sheets, tensile specimens were prepared w.r.to
different sample orientations – along rolling direction, along 45o to the rolling direction
and along 90o to the rolling direction. The sample along the rolling direction was subjected
to tensile deformation beyond yield point, till ultimate tensile strength and till fracture
respectively.
1 The equivalent strain for ARB processing of six passes is equal to 4.8.
[72]
The samples were metallographic polished, and then electro-polished before
subsequent textural and microstructural characterization. Standard procedure was followed
for metallographic polishing, whereas electro-polishing was carried out in a Struers
polisher, LectroPol-5, at 25V for 20 sec. The electrolyte used was methanol and perchloric
acid (80:20) at a temperature of -20°C.
3.1.2 Characterization Techniques
X-ray diffraction (XRD)  was carried out in a Panalytical MRD system whereas
EBSD was carried out in a FEI Quanta-FEG scanning electron microscope using a TSL-
OIM (Tex. SEM. Ltd. – Orientation Imaging Microscope) EBSD package. For XRD
texture five poles, (0002), (0111) , (0112) , (0113) and (1124) , were measured and
subsequently ODF (Orientation Distribution Function) was calculated using a commercial
software Labotex 3.0 [29]. Stored energy values of some orientations/XRD peaks, (0111) ,
(0112) , (0113) and (1124) , were estimated from peak broadening analysis using Stibitz
formula [4,5,6]. According to the formula [6]:
, = 32 (∆ ⁄ )(1 + 2 ) (3.1)
where, ),( jE

is the stored energy and Yhkl&νhkl are the directionally dependent values
of Young’s modulus and Poisson’s ratio respectively. d
d

can be obtained from the peak
profiles as,
∆ = 2 tan (3.2)
and = − (3.3)
where, Br and Ba are the measured values of FWHM (full width half maximum) of the
rolled and annealed samples (30 min. of annealing time) respectively.
An approximate area of 1 mm × 1 mm was scanned by the EBSD in each sample.
Beam and video conditions were kept identical between the scans using a step size of
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0.2µm. In EBSD analyses, grains were identified based on 15º misorientation criterions -
i.e. continuous presence of more than 15º boundary. Twin boundaries were identified
through appropriate axis angle relationship, 94.8o<1210> for tensile twins & 64.3o<1100>
for compressive twins, in hcp (hexagonal close packed) titanium. Once the axis-angle
relationship was frozen, twin fractions (5º deviation) could be estimated from the EBSD
software. Misorientations in a grain were represented by grain average misorientation
(GAM), grain orientation spread (GOS) and misorientation angle. GAM is defined as the
average misorientation between each neighbouring points in a grain while GOS is the
misorientation between all measurement points in a grain and the grain average
orientation. Misorientation angle is the grain boundary misorientation between two grains.
Orientation estimated elastic stiffness of different grains was estimated using the
procedure explained elsewhere [7]. To evaluate the active slip systems in different
grains/orientations, Schmid factor value was estimated from the EBSD scans. Different
slip systems for room temperature deformation of cp-titanium are considered: basal,
(0001)<11 2 0>, prismatic, (1010)<11 2 0>, pyramidal, (1011)<11 2 0>, first-order
pyramidal, (1011)<11 2 3>, and second-order pyramidal, (11 2 2)<11 2 3>, slips
[8,9,10].For estimating the Taylor factor values, of different grains/orientations, full
constraint Taylor model is used with appropriate slip systems and uni-axial tension as the
strain tensor.
Tensile testing was carried out in an Instron-1195 in accordance with the ASTM
E8M-03 standard. Tensile testing was performed respectively in the rolling direction, 45o
to the rolling direction and 90o to the rolling direction of the cold rolled and annealed
sheets. Three sets of tensile testing were carried out and the average value is being
reported.
Nanoindentation tests are carried out using a nano-mechanical testing instrument,
HysitronTriboindenter (TI 900). A Berkovich diamond indenter is used for indentation.
Hardness of more than 300 grains is measured using a load of 9000 µN. The load is being
decided based on the indentation depth [11].
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3.2Pure Magnesium
3.2.1 Material and Sample Preparation
Pure magnesium, obtained from General Motors, USA, was subjected to cold
rolling of 90% reduction in thickness in a laboratory rolling mill. Such an unusually high
reduction percentage in cold rolling of magnesium was achieved through multistep cross
rolling (MSCR) [12]. During MSCR, the direction of rolling was changed by 90°in each
step of rolling till 90% reduction in thickness was achieved.Improvements in formability
of magnesium alloys (as opposed to the unalloyed magnesium considered here) through
cross-rolling have also been observed by some researchers [13-15]. The rolled samples
were then subjected to annealing at 200 °C for 10 s, 30 s, 1 min, 2 min, 5 min, 10 min and
30 min of soaking times respectively. The magnesium plate was also subjected to hot
rolling at 200 °C to 90 % reduction in thickness. The samples, i.e. cold rolled, annealed
and hot rolled, were metallographic polished and electro-polished for subsequent textural
and microstructural characterizations. Standard methods were adopted for metallographic
polishing whereas electro-polishing was carried out using an electrolyte containing
mixture of ethanol to ortho-phosphoric acid by 3:5 ratio (by volume) at 0 °C. Electro-
polishing was carried out at 3 V for 30 sec and subsequently at 1.5 V for 2 minutes.
3.2.2 Characterization Techniques
XRD is carried out in a Bruker D8-Discover system using CuKαradiation for both
deformed and annealed samples. Six poles, (0002) , (1010) , (1011) , (1012) , (1013) and
(1120) , are measured. Texture is measured on the ND plane containing RD-TD direction.
Orientation distribution functions (ODFs) were calculated using the Labotex 3.0 software
[3]. Sections through the 3-dimensional ODFs were plotted using a commercial graphics
program, Slicer Dicer. Using the Labotex software, volume fractions of different
fibres/orientations were estimated through integration method [3] with a 10° tolerance on
the deviation from the ideal orientation(s).
Dislocation density of the basal, (0002), and off-basal, (0113), orientations is
estimated through the methodology described in [16]. Stored energy values, for the basal
and off-basal orientations i.e. (0002) and (0113) respectively, is estimated using Stibitz
formula [6].
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EBSD, on the ND plane of the magnesium samples, is carried out on a FEI-Quanta
200-HV SEM (scanning electron microscope). Data acquisition and analyses are
performed using the TSL-OIM version 6.0 software. Beam and video conditions are kept
identical between the scans and a step size of 0.2 m is used. Misorientation in a grain is
represented by grain orientation spread (GOS) and it is defined as the misorientation
between all measurement points of a grain and the grain average orientation. Orientation
estimated elastic stiffness of different grains is estimated using the procedure explained
elsewhere [7]. Based on the known single-crystal elastic constants of hexagonal titanium,
orientation information and appropriate strain tensor, average polycrystalline elastic
stiffness values are estimated using the Voight and Reussaveragingscheme [17] using
TSL-OIM software. The deformation (strain) gradient used for the present study
is:
− 0.5 0 00 − 0.5 00 0 1 . Schmid factor [8] of different grains/orientations is determined
using the basal slip system and the stress state as:
− 0.5 0 00 − 0.5 00 0 1 .
Nanoindentationis carried out using a nano-mechanical testing instrument,
HysitronTriboindenter (TI 900). A Berkovich diamond indenter is used for indentation.
Hardness of approximately 50 grains on the ND plane is measured using a load of 11000
N.
Vickers hardness is measured on the ND plane in a LECO Micro-hardness tester
LM 248AT using 0.1 kgf load and a dwell time of 15 sec. Average hardness of 10
indentations at different regions of the sample is estimated.
3.3 Pure Zinc
3.3.1 Material and Sample Preparation
As-cast pure Zn was used as the starting material for the present study. It was
subjected to cryo-rolling (rolling with liquid Nitrogen) in a laboratory rolling mill through
MSCR to impart 90% reduction in thickness at a true strain of 5% in each step of rolling.
In cryo-rolling process the sample was dipped in liquid nitrogen (-196 oC) for 5 min before
each roll pass. Cryo-rolling was performed to avoid the recrystallization of the
samples.The cryo-rolled samples were then subjected to annealing at 50 oC for 5 min, 10
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min, 20 min and 30 min of soaking times respectively. For subsequent characterizations,
specimens are prepared by mechanical polishing up to 2500 grit SiC papers followed by
diamond polishing and colloidal silica polishing. The final step of polishing is completed
with etching the sample with a solution containing 90 ml H2O, 9 ml HNO3 and 1 ml
C2H5OH for few seconds.
3.3.2 Characterization Techniques
XRD was carried out in a Panalytical MRD system using CuKα radiation for both
rolled and annealed samples. Five poles namely, (0002) , (1010) , (1011) , (1012) and
(1122) , were measured. Orientation distribution functions (ODFs) were estimated using
Labotex 3.0 software [3].  Texture was measured on the ND plane containing RD-TD
direction.
EBSD was carried out on a FEI-Quanta 3D FEG scanning electron microscope.
Data acquisition and analyses were performed using the TSL-OIM version 6.0 software.
Beam and video conditions were kept identical between the scans and a step size of 0.2
m was used. Twin boundaries were identified through appropriate axis-angle
relationships, 85.59o 2110  for {1012} 1120  type compressive twins [18-20]. Once the
axis-angle relationship was frozen, twinfractions (at 5° deviation) were estimated using the
TSL software. It may be noted that only {1012} 1120  type compressive twins were
observed in the present study.
Vickers hardness of all the samples was measured in a LECO micro-hardness
tester at a load of 5 gf for dwelling time of 15 sec. Vickers hardness at 12 different
locations of each sample was measured and the mean hardness value is reported.
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Chapter 8
Summary
In the present thesis, the recrystallization textures in HCP metals such as cp-
titanium, pure magnesium and pure zinc has been investigated. Subsequently, the hardness
of different orientations has been measured and it was correlated with the bulk mechanical
property of cp-titanium and pure magnesium respectively. However, due to experimental
difficulties and keeping in mind that structural application of pure zinc is limited; the
orientation dependent hardness of pure zinc has not been carried out in the present study.
The study can be summarized in the following four sections such as: (1) Recrystallization
texture in cp-titanium; (2) Recrystallization texture in pure magnesium; (3)
Recrystallization texture in pure zinc; (4) Orientation dependent mechanical properties of
cp-titanium and pure magnesium.
8.1 Recrystallization Texture in CP-Titanium
It was observed that cp-titanium had a strong [1125] fibre texture after annealing
irrespective of the pre-annealing strains/strain-paths. CP-titanium plates were subjected
to unidirectional-rolling (rolling), accumulative roll bonding (ARB) and cross-rolling
followed by annealing at 600 oC for a large range of soaking time starting from 10 s to 30
min. The samples were fully recrystallized after 5 min of annealing and the samples were
seen to develop almost similar texture when annealing was carried out beyond 5 min of
annealing time. However, before annealing the texture development was seen to be
different in the respective samples subjected to different rolling processes. The initial
(1125) 1100  texture present in the deformed structure got strengthened during
annealing of the samples and finally the samples had a strong [1125] fibre texture after
annealing.
8.2 Recrystallization Texture in Pure Magnesium
A dominant basal (fibre) texture was observed in pure magnesium after annealing.
Pure magnesium was subjected to cold (cross-) rolling and hot rolling of 90% reduction in
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thickness. Cold rolled samples were then subjected to annealing at 200 °C for a range of
soaking times staring from 10 s to 30 min. The texture developments in cold rolled,
annealed and hot rolled samples were observed to be identical. However, the volume
fraction of basal orientations (< 0001> fibre and < 0117 > fibre) decreased with increasing
annealing time up to 5 min,beyond which it was increased with further increasing the
annealing time until 30 min. While the volume fraction of orientations away from basal
orientation (< 0113> fibre) increased initially at 10 sofannealingtime and remain constant
on further increasing theannealingtime. The hot rolled sample exhibited astronger basal
texturealong with a larger fraction of low angle grain boundaries and coarser grain size
compared to cold rolled and annealed samples.
8.3 Recrystallization Texture in Pure Zinc
A dominant 1120  fibre texture was observed in pure zinc after annealing. As-
cast pure zinc was subjected to cryo-rolling of 90% reduction in thickness. The rolled
samples were then annealed at 50 oC for different soaking times of 5 min, 10 min, 20 min
and 30 min respectively. Texture was observed to be similar in both the rolled and
annealed samples. However, the texture intensity was increased till 10 min of soaking time
and it was then decreased on further increasing the soaking time. Only {1012} type
compressive twins were observed in the samples and these twinning was found to be
significant in all the samples. The Vickers hardness of the samples was increased till 10
min of annealing time followed by decreased in hardness on further increasing the
annealing time.
8.4 Orientation Dependent Mechanical Properties of CP-
Titanium and Pure Magnesium
It was observed that the hardness of the grains close to basal orientation was
higher compared to non-basal orientations of cp-titanium. It was further observed that the
estimated bulk mechanical properties of cp-titanium had a direct relationship with the
volume fraction of basal grains/orientations.Annealed cp-titanium sheets were subjected
to tensile deformation along the rolling direction, along 45o to the rolling direction and
along 90o to the rolling direction respectively. Crystallographic textures and mechanical
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properties of these cp-titanium samples were measured to find out the correlation between
the textures with mechanical properties of the samples. The hardness of different
grains/orientations was estimated through nanoindentation. It was observed that the
hardness of the grains close to basal orientation was higher compared to that of non-basal
orientations and the sample with higher volume fraction of basal orientations had higher
mechanical properties.
In pure magnesium also the basal orientations were found to be higher and an
increase in deviation from basal orientation the hardness of an orientation was decreased.
However, the difference in hardness between basal orientations and the orientations away
from basal was not significant like cp-titanium. Annealed pure magnesium sample was
subjected to nanoindentation and then electron backscattered diffraction to characterize the
hardness of different grains/orientations in pure magnesium. It was observed that
orientations < 14o from basal orientation had higher hardness compared to orientations at
14-28o from basal orientations. Subsequently, a direct relationship of bulk Vickers
hardness with the volume fraction of basal orientations was observed.
Scope for Further Research
The following works are proposed to be investigated that has not been carried out
in the present thesis:
1) Because of the lack of expertise in mathematical modelling, the present work has
been purely based on the experimental results and the theoretical understanding. So
the use of simulation packages or mathematical modelling may be tried out.
2) In pure magnesium, the orientation dependent mechanical property investigated in
the present thesis was based on the hardness values only. However, this can be
extended to the tensile properties.
3) Deformation texture developments in pure zinc will be an interesting subject of
research as this has not been exploited in the literature. Also as zinc is widely used
as a corrosion resistant material, investigation of the orientation dependent
corrosion properties of pure zinc can also be useful from the application point of
view.
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